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 Abstract 
 
Internal arcs cause sudden temperature and thus pressure increase in electrical in-
stallations, which may endanger personnel, installation rooms or buildings as well 
as the security of power supply. Overpressure can be controlled by e.g. relief open-
ings. The proof of internal arc withstand is usually performed by tests in high 
power laboratories or by pressure calculations especially in cases, where tests are 
impractical. 
 
Nowadays, there exist reliable pressure calculation methods, which are able to de-
termine pressure rise due to internal arcing. For practical applications, two methods 
are of importance, the CFD calculation method, which provides spatially resolved 
results, and the standard calculation method providing spatially averaged results. 
However, the application range of these methods is limited. This is especially true 
if SF6-air mixtures have to be considered (SF6-insulated switchgear) or if arc en-
ergy absorbers are installed. 
 
In this thesis, both effects, which are important for pressure rise in the case of in-
ternal arcing, are treated. The key point of modelling SF6-air mixture flows of 
changing composition is the generation and treatment of reliable gas data. A fur-
ther main focus is the modelling of arc energy absorbers. For this purpose, heat 
absorption and flow resistance are considered first of all separately. In order to de-
scribe both effects simultaneously, existing and improved model approaches are 
evaluated and appropriate model combinations are proposed. 
 
SF6-air mixtures and the effect of arc absorbers are implemented in both calcula-
tion methods for the first time with reliable gas data. Special care is taken on data 
handling and modification of the equation systems. The inclusion of the effect of 
absorbers is achieved by considering heat sinks and friction forces. 
 
Based on the standard calculation method, a versatile improved software tool (Im-
proved Standard Calculation Method) for the determination of pressure develop-
ments is developed, which is fast, easy to handle, able to treat SF6-air mixtures and 
absorbers based on reliable gas data, platform independent and including any num-
ber of rooms and openings. 
 
Both calculation methods are validated by comparing measurements in different 
arrangements with calculation results. 
 Berechnung des Druckanstieges  
in elektrischen Anlagen im Störlichtbogenfall  
unter Berücksichtigung von SF6-Luft-Gemischen  
und Lichtbogenenergieabsorbern 
 
Kurzfassung 
 
Störlichtbögen in elektrischen Anlagen verursachen einen schnellen Temperatur- 
und damit Druckanstieg im betroffenen Anlagenraum, der das Bedienpersonal, die 
Anlage und sogar das Schaltanlagengebäude sowie die Versorgungssicherheit ge-
fährden kann. Der entstehende Überdruck wird üblicherweise durch Druckentlas-
tungsöffnungen begrenzt. Der Nachweis der Störlichtbogensicherheit erfolgt durch 
Versuche in Hochleistungsprüffeldern oder – wo dieses nicht möglich oder prakti-
kabel ist – über Druckberechnungen. 
 
Heutzutage existieren bereits bewährte Druckberechnungsverfahren, die den 
Druckanstieg aufgrund von Fehlerlichtbögen bestimmen können. Für praktische 
Anwendungen haben sich zwei Arten von Druckberechnungsverfahren als bedeut-
sam erwiesen, das „CFD-Verfahren“, das ortsaufgelöste Ergebnisse mit einer 
Computational Fluid Dynamics-Software liefert und das sogenannte „Standardver-
fahren“, mit dem man räumlich gemittelte Druckverläufe erhält. Der Anwendungs-
bereich dieser Verfahren ist jedoch eingeschränkt. Zum Beispiel ist es bislang mit 
allen bekannten Verfahren nicht möglich, das Ausströmverhalten bei SF6-isolierten 
Anlagen zuverlässig in die Druckberechnung einzubeziehen. Dasselbe gilt für 
Lichtbogenenergieabsorber, deren Wirkung bislang wenig theoretisch untersucht 
worden ist. 
 
In der vorliegenden Arbeit werden diese für die Druckberechnung wichtigen Phä-
nomene betrachtet. Schwerpunkt bei der Modellierung von ausströmenden SF6-
Luft-Gemischen mit sich verändernder Gaszusammensetzung ist die Erzeugung 
und Behandlung von zuverlässigen realen Gasdaten. Damit werden Effekte wie 
z.B. Dissoziation, Ionisation und Wechselwirkungen zwischen Gaspartikeln ein-
schließlich chemischer Reaktionen mitberücksichtigt. 
 
Ein weiterer Schwerpunkt der Arbeit ist die Modellierung von Absorbern. Hierzu 
werden zunächst die Wärmeaufnahme und der Strömungswiderstand getrennt be-
handelt. Um beide Wirkungen gleichzeitig zu beschreiben, werden bestehende so-
 wie verbesserte Modellansätze evaluiert und geeignete Kombinationen von Mo-
dellansätzen vorgeschlagen. 
 
Die Strömung von SF6-Luft-Gemischen und die Wirkung von Lichtbogenenergie-
absorbern werden erstmalig in ein Standardverfahren und mit realistischen 
Gasdaten in ein CFD-Verfahren eingebunden. Dabei spielt die Behandlung der 
Gasdaten und die Modifizierung der Gleichungssysteme eine besondere Rolle. – 
Die Wirkung von Absorbern erfolgt durch die Berücksichtigung von Wärmesen-
ken und Reibungskräften. 
 
Weiterhin wird ein auf dem Standardverfahren beruhendes Rechenprogramm ent-
wickelt, das schnell Resultate liefert, einfach zu handhaben ist und die beiden Phä-
nomene Gasgemischströmung und die Wirkung von Energieabsorbern mitberück-
sichtigen kann (Improved Standard Calculation (ISC)-Methode). Dabei werden 
realistische Gasdaten verwendet. Das Programm ist in Java programmiert und da-
mit plattformunabhängig, vielseitig einsetzbar und z.B. in der Lage, eine beliebige 
Anzahl von miteinander verbundenen Räumen und Druckentlastungsöffnungen zu 
berücksichtigen. 
 
Durch Vergleich von Messungen in verschiedenen Anordnungen mit Rechener-
gebnissen, durchgeführt mit dem CFD- als auch dem ISC-Verfahren, wird die Ein-
bindung von Gasgemischströmungen und Energieabsorbern in die beiden Druckbe-
rechnungsverfahren validiert. 
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1.1 Introduction to the Subject  1 
 
1 Introduction 
 
1.1 Introduction to the Subject 
Internal arcs are high current fault arcs, which occur e.g. in metal-enclosed electri-
cal installations such as switchgear, gas-insulated transmission lines (GIL) and 
terminal boxes. They are initiated e.g. by surges in power grids, insulation failure, 
malfunction of equipment, and human error [Pec80, Dun86]. In average, one arc 
fault occurs per 10,000 switchgear and year [Pit03, Fra05]. Although this is ex-
tremely seldom, it must be considered in the safety concept. 
 
During internal arcing, the arc energy is transferred to the surroundings by differ-
ent mechanisms e.g. heat conduction, convection, radiation [Das88]. Only part of 
the energy is absorbed by the surrounding gas causing temperature and thus pres-
sure rise. Energy used for electrode melting and evaporation as well as radiation, 
which is absorbed by enclosure walls, does not contribute to pressure rise. The 
sudden increase in pressure during internal arcing may endanger personnel and 
electrical installations [Lee82, Lee87, Cra93, Cap98, Bre09] and power supply. 
Furthermore, buildings may be stressed by overpressure [Pig76, Pri82, Pri97, 
Dre98] resulting in damages e.g. cracks in walls or even collapse. These effects 
become more and more important, because secondary substations are increasingly 
installed near or within public areas. Hence, large concerns especially about the 
public and construction safety of electrical installations arise. Consequently, manu-
facturers and constructors are forced to prove the safety of their products e.g. by 
liability and product safety laws. 
 
Pressure stress of electrical installations and especially their buildings can be re-
duced by means of active or passive measures. An example of active measures is 
the high speed shorting switch in combination with an arc detector [Bee98, Gar01, 
Kop02, Pic09]. This device commutates the short-circuit current into a bypass so 
that the arc energy and thus overpressure is limited. Typical passive (constructive) 
measures are pressure relief openings e.g. rupture discs [Obe86, Dir91], flaps 
[Dri92, Pri97, Deb04], jalousies [Pri00, Pri03], through which hot gas flows out of 
the faulty compartment reducing overpressure. Furthermore, buffer volumes like 
further compartments within the switchboard and cable cellars are sometimes used 
to retard pressure rise in relief rooms e.g. switchgear and transformer rooms with 
opening to the environment. By this means, overpressure in these rooms is dis-
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charged over a longer time period reducing pressure stress [Eve01, Schm08]. Pres-
sure relief ducts sometimes directly connect the faulty compartment with the envi-
ronment so that the installation room is not stressed by overpressure [Bre09]. A 
novel measure to reduce overpressure in buildings is the installation of arc energy 
absorbers. In general, they consist of several layers of expanded metal and absorb 
heat as well as retain flames and molten metal droplets from escaping [Eis02, 
Schm06/1, Wah08, Bre09]. 
 
The proof of arc resistance is performed by two means, high power arc tests or 
pressure calculations. The first one is carried out in high power test laboratories 
[Kal95, Heb96, Dre97, Leh05, Bel06, Kay06, Cur08] according to the relevant 
standards e.g. IEC 62271-200 for medium voltage metal-enclosed switchgear and 
controlgear [IEC03/1], IEC 62271-202 for high/low voltage prefabricated substa-
tion [IEC06] and IEC 62271-203 for high voltage gas-insulated metal-enclosed 
switchgear [IEC03/2]. The second one is mainly applied [Duq97, Fri99] during 
development of new equipments and in cases, where tests are not possible e.g. dur-
ing the planning phase of electrical installations. 
 
If SF6 is used as insulating gas, hot SF6 is exhausted from the faulty compartment 
during internal arcing into the switchgear room (building) and mixes with air caus-
ing a permanent change of gas composition and thus the gas properties in the relief 
room. This process complicates pressure calculation. 
 
A further problem of pressure calculation arises, if arc energy absorbers are in-
stalled. In this case, the effects of absorbers must be implemented in the pressure 
calculation method. 
 
1.2 State of Knowledge 
 
1.2.1 Pressure Calculation Methods 
Pressure calculation methods can be classified into three groups according to their 
application area (Fig. 1.1): 
- internal arcs in closed compartments (“arc room, AR”) 
- in compartments with openings and  
- in those with an attached room (“relief room, RR”), in which overpressure is 
released via an opening 
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(a)    (b) 
 
 
 
(c) 
 
Fig. 1.1: Application areas of pressure calculation methods; (a) for closed vessels, (b) for ves-
sels with opening to the environment and (c) for vessels with opening to a relief room 
and to the environment 
 
I.  Methods for closed compartments (Fig. 1.1 a) 
Examples for closed compartments are encapsulated switchgear, terminal boxes, 
transformer tanks, and underground cable ducts. 
 
Most methods in this group are based on the application of the ideal gas law and 
the energy conservation equation (adiabatic system) [Pig72, Kin75, Pig76, Hoy80, 
Obe80, Lut82, Kuw82, Wel84, Chu85, Das85, Obe86, Ger86, Das87, Kön89, 
Schuh89, Kön90, Das90, Des97, Fri98, Wal05]. The spatially averaged pressure 
rise dp within time dt can be expressed as [Das87]: 
 
 
( )
V
dtPk1
dp elp
⋅⋅⋅−
=
κ
 
(1.1) 
 
where κ is the adiabatic coefficient, kp the thermal transfer coefficient (“kp-factor”), 
which is the portion of electric arc energy contributing to overpressure (see sec-
tion 2.1), Pel the electric arc power, and V the volume of the faulty compartment. 
 
It should be noted that in most methods a constant gas adiabatic coefficient is used. 
However, by applying real gas properties depending on pressure and temperature, 
more reliable results are achieved [Fri98]. 
RR 
AR 
AR AR 
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In Annex B of IEC standard 62271-203 [IEC03/2], a simple equation to calculate 
pressure rise in SF6-insulated compartments is provided: 
 
 
tcompartmen
arcarc
equipment V
tICp ⋅⋅=Δ
 
(1.2) 
 
where p is the overpressure, Iarc the effective arc current, Vcompartment the volume of 
the compartment, and tarc the arc duration. Cequipment is a constant depending on the 
equipment, which has to be determined experimentally. 
 
This formula is limited to cases with similar equipments and boundary conditions 
and therefore not applicable in general. 
 
II.  Methods for compartments with openings (Fig. 1.1 b) 
Rupture or even explosion due to overpressure can be avoided, if the faulty com-
partment is equipped with relief openings. In this case, overpressure is relieved via 
the exhaust of gas through the opening transferring mass and energy to the sur-
roundings. 
 
Three approaches to calculate overpressure in the compartment can be distin-
guished: 
1. methods based on the determination of exhausted gas mass 
2. ray tracing method 
3. characteristic method 
 
The exhausted gas mass dm during internal arcing can be determined with the dis-
charge or outflow function  [Kop67]:  
 
 dtp2AdtvAdm 0011 ⋅⋅⋅⋅=⋅⋅⋅⋅= Ψραρα  (1.3) 
 
 












	






−


	






−
=
+
κ
κ
κ
κ
κΨ
1
0
1
2
0
1
p
p
p
p
1  
(1.4) 
 
with A - opening area, ρ0 and p0 - gas density and pressure in the compartment, 
ρ1, v1, p1 - gas density, flow velocity and pressure at the constriction of the open-
ing, κ - adiabatic coefficient. α is the discharge coefficient, which describes the 
contraction of the gas flow in the opening. 
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Temperature and by that pressure is determined considering the changes of energy 
content within the arc room by the mass loss [Kop67, Kin75, Obe80, Kön84, 
Obe86, Des97, Wal02, Wal05]. In order to consider the temperature dependency of 
gas properties in a simple way, nonlinear dependencies are used in [Kol76, 
Kön84]. Moreover, by dividing the compartment into subvolumes, while homoge-
neous energy input is assumed to one of them, a certain spatial resolution of the 
pressure in the compartment is achieved [Kin77]. 
 
A slightly different approach to describe pressure relief is based on the considera-
tion of the change of gas volume due to gas exhaust [Pig72, Pig76, Hoy80]. In this 
case, the flow velocity of exhausted gas is determined by applying the momentum 
conservation equation, in which the opening is considered as a flow resistance. 
With the velocity determined in such a way, the expanded gas volume is derived. 
Applying the adiabatic equation with volume and pressure as variables, the pres-
sure inside the arc room is calculated. 
 
In order to consider pressure waves, a method based on the ray tracing technique 
[Kro68] has been developed [Das85, Das87, Das90]. The arc is considered as a 
pressure source statistically emitting pressure particles into all directions with 
sound velocity. The number of particles is proportional to arc energy input. The 
particles are reflected at the walls and disappear at openings. The local pressure 
value is derived from counting the number of pressure particles. 
 
The last method in this group is based on the one- or two-dimensional solution of 
the set of basic hydrodynamic equations (conservation equations of mass, momen-
tum and energy) together with the equation of state [Lut81, Lut82]. The numerical 
treatment is carried out by applying the method of characteristics [Lut79] and 
bicharacteristics [Lut80], respectively. This method can be applied for one-
dimensional or rotationally symmetric problems. 
 
III.  Methods for compartments with openings and attached relief rooms  
         (Fig. 1.1 c) 
The last group of pressure calculation methods is typically applicable to situations, 
where gas from the faulty compartment is exhausted into a relief room e.g. an ad-
jacent room or building and from there into the environment. The exhausted gas 
mass and its energy content lead to an overpressure in the relief room, which is fi-
nally discharged into the environment via the opening. 
 
Two approaches can be distinguished: 
1. methods based on the solution of the fundamental hydrodynamic equations  
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2. methods based on the energy balance in the arc and relief room coupled to 
each other via mass transfer 
 
The methods of the first approach, which include all relevant physical effects like 
gas flow, pressure waves, turbulence, etc. and yield spatially resolved results, are 
based on the solution of the mass, momentum, and energy conservation equation 
together with the equation of state and the enthalpy equation with a Computational 
Fluid Dynamics (CFD) solver [Fal93, Fal94, Schum94/2, Fal98, Fri98, Fri99]. The 
numerical treatment of the partial differential equation system in three dimensions 
is in general performed with the Finite Volume Method (FVM). A one-dimensional 
solution of the equation system is found in [Lut86]. 
 
The methods of the second approach differ with respect to the treatment of the gas 
mass exchange between the rooms and to the gas model under consideration. In 
[Obe86] the discharge function is used like in method II.1. The pressure is deter-
mined in all rooms. The gas properties are constant. 
 
If gas properties depending on temperature are applied in order to take into account 
dissociation and ionization, the discharge function is not applicable anymore. In 
this case, the mass transfer must be determined iteratively by using Bernoulli’s 
equation and a special form of the adiabatic equation [Schum94/2]. This approach 
has been extended by using temperature and pressure dependent (real) gas proper-
ties [Fri98, Fri99]. 
 
The mass exchange in [Pig72, Pig76] is treated in a different way. The flow veloc-
ity and thus mass exchange is calculated by using the momentum equation regard-
ing the opening as a flow resistance. The overpressures in all rooms are determined 
by applying the adiabatic equation considering mass change. In order to extend this 
approach to any number of rooms and openings, pressure rise is modelled in anal-
ogy to an electrical network consisting of a current source (arc power), inductors 
(kinetic energy of gas flow), capacitors (gas volumes) and resistors (flow resis-
tances) [Hoy80]. However, there are some difficulties to determine the accelerated 
gas mass used in the momentum conservation equation, especially when the ar-
rangement is more complex. 
 
 
It has been shown that all methods of group III are suitable for general applications 
ranging from simple closed enclosures to complex switchgear installations. Apart 
from the “CFD calculation method” (based on the solution of the fundamental hy-
drodynamic equation system, III.1), a comparatively simple method which delivers 
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results within a short time “standard calculation method”, III.2 has been found to 
be useful for practical application. 
 
The CFD calculation method (in short “CFD method”) provides spatially resolved 
results, while with the standard calculation method the spatial resolution is aban-
doned in favour of short computing time. 
 
1.2.2 Consideration of SF6-Air Mixtures 
In case of internal fault with hot SF6 escaping through a relief opening, SF6 mixes 
with air. Consequently, the composition of the SF6-air mixture will change con-
tinuously. 
 
A first attempt to describe pressure development in the arc and relief room consid-
ering SF6-air mixtures is found in [Schum94/1]. The pressure rise in the relief 
room is determined with a standard calculation method by assuming that the arc 
room is negligible in size compared to the relief room. In this case, the energy in-
put is taken as being homogeneously distributed in both rooms and the pressure 
rise in the relief room dpRR is given by: 
 
 
RRairair,vARSFSF,v
elp
RR VMcVMc
dtPkR
dp
66
⋅⋅+⋅⋅
⋅⋅⋅
=
 
(1.5) 
 
where R is the universal gas constant, cv the specific heat capacity at constant vol-
ume, and M the molar mass. The application of this approach is limited due to the 
assumptions. 
 
A much better approach to consider SF6-air mixtures in pressure calculation with 
the CFD method is presented in [Fri98]. In addition to the three conservation equa-
tions, an additional one for the SF6 mass fraction is introduced. The gas properties 
of the SF6-air mixtures are obtained by linear interpolation from SF6 and air prop-
erties according to their compositions: 
 
 

⋅= ii XX ξ  (1.6) 
 
where X is a gas property e.g. specific heat capacity, enthalpy, etc., ξ  the mass 
fraction and index i refers to air and SF6. The drawback of this approach is that ef-
fects of interactions and chemical reactions between the gas mixture components 
are not included [Atk06]. 
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1.2.3 Modelling of Arc Energy Absorbers 
Arc energy absorbers are most often cooling grids consisting of several layers of 
expanded metal (Fig. 1.2 a). They are installed in electrical installations in order to 
reduce temperature and pressure in switchgear rooms or buildings and to avoid the 
escape of flames and glowing particles from the faulty compartment (Fig. 1.2 b). 
 
       
faulty
compart-
ment
switchgear room
arc energy
absorber
 
(a) (b) 
 
Fig. 1.2: Absorber consisting of expanded metal layers (a) and example of the location of 
an absorber in an electrical installation (b) 
 
The direct modelling of arc absorbers with extremely fine structures leads to unac-
ceptable long computing times. That is why it is useful to model the effects of ab-
sorbers, i.e. heat energy absorption and flow resistance [Wah07], separately. Heat 
absorption means heat transfer from hot gas to cooling grids or more precisely heat 
conduction between the gas and the surface of the grids. The flow resistance results 
from friction forces within the gas flow induced by the absorber. 
 
Heat absorption can be determined using the heat transfer equation. In [Bak02], it 
is included in a computer program to describe pressure rise based on a standard 
calculation method with constant gas properties. The flow resistance is not consid-
ered. 
 
An approach to model both heat absorption and flow resistance simultaneously 
with a standard calculation method and constant gas properties is presented in 
[Wah07]. Heat transfer as well as flow resistance are described in analogy to stag-
gered tube bundles commonly used in heat exchangers. Some modifications are 
carried out to consider the mesh-like structures of absorbers. 
 
A further approach to model both simultaneously based on the CFD method is in-
troduced in [Schm06/2]. The absorber is modelled as energy sink in the flow do-
main with the absorbed energy ΔWG. ΔWG results from experimentally determined 
grid efficiencies ηG (Wel is the electric arc energy): 
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WΔη =
 
(1.7) 
 
In this approach, the flow resistance is modelled by a concentrated effective open-
ing of the absorber at its location. 
 
A similar approach for both phenomena is based on the thermal efficiency ηT of 
the absorber: 
 
before
behindbefore
T T
TT
Δ
ΔΔ
η
−
=
 
(1.8) 
 
ΔTbefore and Tbehind are the experimentally determined maximum gas temperature 
rises in front of and behind the absorber, respectively. The absorbed heat energy 
resulting from ηT is modelled as heat sink at the location of absorber in the flow 
domain (CFD method). In order to make modelling easier, constant gas properties 
and flow velocity are assumed. The flow resistance is considered in terms of pres-
sure loss analogous to that of staggered tube bundles [Wah07]. 
 
For absorbers made of porous medium, there exists an approach to describe both 
heat absorption and flow resistance. The model is based on the one-dimensional 
solution of the gas dynamic equations together with a porous medium model 
[Gen07, Roc07, Roc08]. 
 
1.3 Objectives 
Due to the limitations and restrictions of existing methods to calculate overpres-
sure during internal arcing, there is a need for improvements. This is especially 
true for the inclusions of a reliable description of SF6-air mixtures and the effects 
of arc energy absorbers. 
 
That is why the objectives of this thesis are: 
 
- the inclusion of SF6-air mixtures into pressure calculation methods 
 
- the consideration of the effects of arc energy absorbers in the determination 
of pressure rise in electrical installations 
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- the provision of an easy-to-use improved standard calculation method in-
cluding the above mentioned extensions 
 
The published knowledge about the inclusion of SF6-air mixtures in pressure calcu-
lation is poor. Up to now, the consideration of such mixtures is considered only in 
a simple way not considering the interactions between the gas components espe-
cially chemical reactions. In order to obtain more reliable calculation results, real 
gas properties of SF6-air mixtures must be applied. It is intended to include gas 
mixtures in a CFD and standard calculation method. 
 
With respect to modelling of arc energy absorbers, the main focus is the modelling 
of heat energy absorption and flow resistance. Existing approaches and if possible 
improved ones have to be included into the above mentioned calculation methods. 
 
For practical applications, it is desirable to have an improved standard calculation 
method with the above mentioned inclusions, which is fast and easy to handle, 
provides reliable results, and covers a wide range of applications. The method 
should be based on the “extended standard calculation method” [Fri98]. However, 
it should be extended to any number of rooms (compartments) and openings. Due 
to the simplified assumptions made in this method, the application area has to be 
determined. 
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2 Fundamentals of Pressure Calculation 
In order to calculate pressure rise, it is necessary to look at the energy balance dur-
ing internal arcing in detail, to describe the gas model under consideration and to 
provide the physical background of the CFD and standard pressure calculation 
method. 
 
2.1 Energy Balance during Internal Arcing 
In case of internal arcing, the arc transfers energy to its surroundings through di-
verse mechanisms. These are illustrated in a simplified way in Fig. 2.1. 
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Fig. 2.1: Simplified energy balance of a fault arc in a closed electrical installations 
 
Part of the electric arc energy Wel heats up the electrodes by means of heat conduc-
tion (We,a, We,c). Another part is radiated and absorbed by the walls of the enclosure 
(Wrad). A further part is transferred to the gas by means of heat conduction, convec-
tion and radiation absorbed by the surrounding gas and thus leads to pressure rise 
(Wtherm). The last part is required for electrode melting and evaporation (Wmv), 
which may influence pressure rise especially in case of heavy melting and evapora-
tion. Metal vapour may react chemically with components of the insulating gas 
resulting in energy release (exothermic reaction) or absorption (endothermic reac-
tion) (Wchem). 
 
All the energies mentioned above can be summarized in an equation [Das87]: 
 
 radthermmvc,ea,echemel WWWWWWW ++++=±  (2.1) 
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In order to describe the part of energy heating up the gas and leading to pressure 
rise, the term “thermal transfer coefficient” or “kp-factor” has been introduced. It 
is defined by: 
 elptherm WkW ⋅=  (2.2) 
or in terms of power 
 elptherm PkP ⋅=  (2.3) 
 
In general, the kp-factor is determined by fitting calculated pressure curves to 
measured ones. The standard calculation method is normally used for this purpose. 
Because the pressure rise in equation (1.1) depends on the adiabatic coefficient, the 
kp-value depends on the gas data under consideration. 
 
kp has been carefully measured for faults in an air and SF6-filled closed container 
in [Das87, Schum94/2]. The portion of energy in terms of radiation, heat conduc-
tion to electrodes, melting and evaporation of electrodes, exothermic reactions, and 
pressure rise have been investigated in dependence on insulating gas (air and SF6) 
and electrode materials (copper, aluminium, and steel). 
 
It has been found out that in general the kp-factor in air is lower than in SF6. This is 
mainly attributed to the higher portion of radiation energy in air, which does not 
contribute to overpressure [Schum94/2]. This conclusion is true as long as other 
factors such as metal melting and evaporation, and chemical reactions do not play 
an important role. 
 
Considering kp-factor depending on electrode material, it is observed that with steel 
electrodes kp is lower than with copper or aluminium electrodes (especially in air). 
This is due to its higher radiation loss compared to the other ones. 
 
In case of aluminium electrodes, a much higher kp-factor than for the other elec-
trode materials has been found. This is referred to exothermic reactions between 
aluminium vapour and air or aluminium vapour and SF6, which releases additional 
energy to the system available for heating up the gas and thus pressure rise. The 
effect is more pronounced, the more electrode material vaporises, which occurs at 
enhanced energy (current) input [Iwa08]. 
 
The kp-factor is investigated in [Fri98] varying the gas density for faults in a closed 
container (quad-flange vessel) in air and SF6 and the electrode materials copper 
and aluminium. It has been found out that kp depends on gas density (and the vol-
ume of the faulty compartment). This dependence is especially important for com-
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partments with openings, where gas density is continuously reduced during the ex-
haust of gas. In general, kp decreases with decreased gas density as long as elec-
trode erosion and chemical reactions do not dominate [Schum94/1, Schum94/2, 
Fri98]. 
 
Based on experimental investigations mentioned above, the kp-factor for air at 
standard conditions with copper electrodes ranges from 0.40 to 0.65 and in case of 
SF6 from 0.50 to 0.70; however, these values depend on the gas model under con-
sideration. 
 
2.2 Gas Models under Consideration 
 
2.2.1 Ideal Gas Model 
An ideal gas is defined as a system in thermodynamic equilibrium with state vari-
ables related to each other by the general equation of state (equation (2.4)). Fur-
thermore, the internal energy of the system U only depends on the mole number n 
(or the number of particles) and the temperature of the system (equation (2.5)) 
[Ada78]. The ideal gas model is used to describe the properties of gases depending 
on mole number n and temperature T (R - universal gas constant). 
 
 
TRnVp ⋅⋅=⋅
 
(2.4) 
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(2.5) 
 
 
The change in internal energy dU(n,T) is given by: 
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If the mole number is constant i.e. no dissociation and ionisation, the internal en-
ergy depends only on temperature and consequently the second term of equation 
(2.6) is zero. In this case, the internal energy U(n,T) is [Ada78]: 
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(2.7) 
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where the heat and molar heat capacity at constant volume Cv and vc  are defined 
as: 
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(2.8) 
 
T0 is the reference temperature, which is normally set to zero (T0 = 0 K). 
 
Similarly, for n = const., the enthalpy H=U+pV is [Ada78]: 
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(2.9) 
 
where the heat and molar heat capacity at constant pressure Cp and pc  are: 
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The internal energy U and enthalpy H can also be written in terms of specific heat 
capacity at constant volume and pressure cv and cp related to constant gas mass m: 
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(2.12) 
 
It should be noted that equation (2.11) and (2.12) are also valid for n ≠ const., be-
cause the gas mass in an ideal gas system is always constant. 
 
The term “classical ideal gas” is used, when the specific heat capacities at con-
stant volume and pressure cv and cp are constant [Ada78]. In this case, all gas parti-
cles in the system are considered as dimensionless particles with their mass con-
centrated in points. The collisions between particles are elastic. As a result, the in-
ternal energy U and enthalpy H are: 
 
2.2 Gas Models under Consideration  15 
 
( ) ( )0v0v0v TTcmTTcn)TT(C)T(U −⋅⋅=−⋅⋅=−⋅=  (2.13) 
 
 
( ) ( )0p0p0p TTcmTTcn)TT(C)T(H −⋅⋅=−⋅⋅=−⋅=  (2.14) 
 
In the “classical ideal gas model” the gas properties are constant, while in the 
“ideal gas model” they depend on temperature and the mole number. 
 
The sound velocity c of classical ideal gases is determined with the adiabatic coef-
ficient  = cp/cv, pressure p, and density  [Lan91]: 
 
 ρ
κ
p
c =
 
(2.15) 
 
Applying the ideal gas law to equation (2.15), c is a function of temperature T. It is 
proportional to the square root of T. 
 
Equations (2.7) to (2.15) are valid as long as there is no dissociation or ionisation. 
Dissociation and ionisation lead to a change in gas composition. In this case, the 
change of the mole number of the gas components has to be taken into account. 
Since the gas is then composed of multiple components, the change in internal en-
ergy dU is given by the sum of the changes in internal energy of each component. 
 
2.2.2 Real Gas Model 
With the real gas model, the gas properties are described more realistic. In reality, 
gas particles have a certain volume and there exist interactions between particles 
e.g. dipole forces [Cha70, Lie94]. Properties of real gases depend not only on their 
compositions (including chemical reactions) and temperature, but also on pressure. 
 
The basic principle used to determine real gas properties is the assumption of  
Local Thermodynamic Equilibrium (LTE), i.e. all gas constituents have the same 
temperature or in other words the number of collisions per time and volume is 
large enough for a rapid equalisation of different energy states. By minimizing 
Gibbs free energy G at given pressure and temperature, gas compositions at any 
pressure depending on temperature can be determined. For this purpose, chemical 
potentials of each species must be known, which can be found in reference tables 
e.g. [Stu71, Gur89]. The minimization of Gibbs free energy is performed with an 
algorithm together with a numerical minimization method [Rüt92]. 
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TSHG −=
 
(2.16) 
 
where H is the enthalpy, T the temperature, and S the entropy. 
 
From Gibbs free energy, the thermodynamic properties (enthalpy, heat capacity, 
sound velocity, etc.) are derived. 
 
In order to consider the effect of intermolecular forces between particles, correc-
tion terms according to the Debye-Hückel theory (for charged particles) are intro-
duced in the chemical potential, enthalpy, and particle density equations [Rüt92]. 
By this means, pressure dependency of thermodynamic properties as a result of 
interactions between gas particles is taken into account. 
 
Transport properties such as thermal and electrical conductivity as well as viscosity 
are determined by solving the Boltzmann equation with the method of Chapman 
and Enskog, where gas compositions with varying temperature are determined by 
minimizing Gibbs free energy as mentioned above [Fro71, Gle83, Che94, Tan05]. 
For this purpose, data on collision integrals of different interactions e.g. neutral-
neutral particles interaction, etc. are required according to the Chapman-Enskog 
formula. 
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Fig. 2.2: Temperature and pressure dependent specific heat capacity at constant volume cv 
of air and SF6 (1 and 3 bar) based on real gas properties 
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Based on the real gas model described above, a computer program PLASMA was 
created [Rüt92], with which real gas properties of any composition can be deter-
mined. Fig. 2.2 shows an example, the temperature and pressure dependent specific 
heat capacity at constant volume cv of air and SF6. 
 
In order to obtain reliable pressure calculation results, temperature and pressure 
dependent real gas properties generated by the program PLASMA are used in both 
calculation methods (CFD and standard calculation method). 
 
2.3 CFD Calculation Method 
In order to extend the CFD calculation method to gas mixtures and arc energy ab-
sorbers, first of all, the basic governing equations of gas flow and heat transfer, 
some remarks on energy input, as well as the numerical methods are described. 
 
2.3.1 Governing Equations 
The basic equations describing fluid dynamics are the conservation laws of mass, 
momentum, and energy. 
 
Mass conservation equation: 
The mass conservation or continuity equation is based on the fact that the rate of 
change of mass inside the fluid element is equal to the net rate of the mass flow 
into or out of the fluid element across its surfaces [Ver96]: 
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(2.17) 
 
Momentum conservation equation: 
Newton’s second law states that the rate of change of momentum is equal to the 
sum of the forces on the fluid. These forces are in general surface forces and body 
forces. While the surface forces like pressure and viscous forces are normally con-
sidered as separate terms in the momentum equation, body forces like gravity and 
centrifugal forces are in general included in the source term. With this convention, 
the three-dimensional momentum conservation equation (or Navier-Stokes equa-
tions) is [Ver96]: 
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y-momentum: 
( ) ( ) ( ) MySvy
p
vv
t
v
+∇⋅∇+
∂
∂
−=⋅∇+
∂
∂ ηρρ 
 
(2.19) 
 
z-momentum: 
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(2.20) 
 
where u, v, w are the velocity components in x-, y-, and z-direction, p the static 
pressure, η the dynamic viscosity, and SMx, SMy, SMz the components of the momen-
tum source term. 
 
Energy conservation equation: 
The first law of thermodynamics states that the rate of change of energy of a fluid 
element is equal to the rate of heat supply plus the rate of work done on the ele-
ment mainly by surface forces. The energy equation expressed in terms of total 
specific enthalpy (h0 = h+(u2+v2+w2)/2) is [Ver96]: 
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(2.21) 
 
where  is the thermal conductivity,  the viscous stress tensor, and Sh the energy 
source term. 
 
General form of conservation equations: 
The conservation equations can be summarized in a general form. It consists of a 
transient, convective, diffusive and a source term [Ver96]: 
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with φ the conserved variable and Γ the diffusion coefficient. 
2.3 CFD Calculation Method  19 
Equation of state and enthalpy equation: 
According to equation (2.17) to (2.21), five partial differential equations with the 
seven unknowns ρ, p, h, T, u, v, w have to be solved. Two additional equations are 
required to mathematically close the equation system. For this purpose, the equa-
tion of state (gas density ρ) and the specific enthalpy h as function of pressure and 
temperature are added: 
 
 
( )T,pf=ρ
 
(2.23) 
and 
 
( )T,pfh =
 
(2.24) 
 
In general, this partial differential equation system must be solved by numerical 
methods. A well-known one used in many computational fluid dynamics packages, 
is the Finite Volume Method (FVM) (section 2.3.4). 
 
2.3.2 Turbulence Model 
In turbulent flows, velocity and pressure continuously change in time and space. 
The common criterion used to distinguish between laminar and turbulent flow is 
the Reynolds number [e.g. Boh08] (L - a characteristic length, η - dynamic viscos-
ity): 
 η
ρ LvRe ⋅⋅=
 
(2.25) 
 
For fluid flows in pipes, the flow is laminar as long as Re < 2300 and turbulent if 
Re > 4000. In between these values the flow is in a transition mode [Hol02]. 
 
Because of the low viscosity of hot gas and high energy density (high gas flow ve-
locity), the flow is usually turbulent in case of internal arcing. Therefore, turbu-
lence should be considered. 
 
Solving the momentum equation directly, in principle, turbulence is included. 
However, due to the fact that the discretisation mesh of the flow domain is in gen-
eral too rough to cover vortices (eddies) of all sizes, turbulence models are intro-
duced for reliable results and to limit the computing time. 
 
The standard k-ε model introduced by Launder and Spalding [Lau74] is applied 
here. The model is based on a decomposition of the flow velocity in mean and 
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fluctuating components, which are introduced in the conservation equations. De-
tails are provided in appendix A. 
 
2.3.3 Energy Input 
In many applications, e.g. in the simulation of high-voltage circuit breaker arcs, 
comprehensive arc models are applied to microscopically describe the energy 
transfer from the arc to its surroundings [Cla97, Hes01, Sta01]. For this purpose, a 
fine discretisation with respect to the size of the arc and switching chamber is re-
quired. However, typical electrical installations e.g. switchgear and buildings are 
much larger than the size of the arc. Hence, a fine discretisation will lead to unac-
ceptable long computing times. In order to limit the computing effort, a rougher 
discretisation is chosen. If the real arc volume is smaller than the energy input vol-
ume, this has a further advantage. The mean gas temperature in this volume is 
lower and the gas data are more reliable. 
 
The part of energy leading to pressure rise described by the thermal transfer coeffi-
cient kp is homogeneously fed into a small volume in the arc room larger than the 
real arc volume, however, small with respect to the volume of the arc room. In the 
energy conservation equation, a source term is included with this volume. In prac-
tice, for comparatively small values of the faulty compartment, homogeneous en-
ergy input is assumed to simplify the calculation. 
 
2.3.4 CFD Solver 
In order to solve the conservation equations, the partial differential equation sys-
tem is converted into an algebraic one, which can be solved iteratively. There exist 
a lot of numerical methods for such a purpose e.g. the Finite Element Method 
(FEM), Finite Difference Method (FDM), and Finite Volume Method (FVM). The 
CFD solver applied here is based on the FVM [ESI06]. 
 
Equation solver 
The first step of the Finite Volume Method is to discretise the flow domain into 
control volumes (cells), each with a cell centre. The governing equations are inte-
grated over each control volume resulting in discretised equations for the cell cen-
tres. They consist of a transient, convective, diffusive and source term. For the 
conserved variable φ, those four terms can be expressed as [ESI06]: 
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Transient term: 
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where V is the cell volume and superscript 0 denotes the preceding time step. 
 
Convective term: 
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A is the total surface area of the cell, subscript e denotes the surfaces of the cell, n

 
is the unit vector in the normal direction to the surface, ven represents the velocity 
component in the normal direction to the surface, and Ce is the mass flux across the 
surface. Because the value of the variable φ is available only for the cell centre, φ 
on the cell surfaces is determined by interpolation. For the convective term, there 
are different interpolation approaches available depending on the level of numeri-
cal accuracy and stability [Pat80]. 
 
Diffusive term: 
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Source term: 
 

⋅+=⋅
V
pu SSdVS φφ
 (2.29) 
 
In general, Sφ is taken as depending linearly on φ (Sφ=Su+Sp⋅φ). The linearlized 
source term is integrated over the control volume resulting in Su = SuV and 
Sp = SpV (equation (2.29)). 
 
The four discretised terms (equation (2.26) to (2.29)) establish a set of nonlinear 
algebraic equations for each cell, which must be solved iteratively. These equations 
are strongly coupled to each other. In order to solve them, a pressure correction 
algorithm is applied in the CFD program. The classical one is the Semi-Implicit 
Method for Pressure-Linked Equations (SIMPLE) algorithm introduced in [Pat80]. 
An enhanced one, the SIMPLEC (SIMPLE-Consistent) algorithm introduced in 
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[Doo84], is widely used in modern CFD software packages including the one used 
here. It generally converges faster than the SIMPLE algorithm [Fer02]. According 
to the SIMPLEC algorithm, a start pressure value p* is assumed. The velocity is 
calculated by the discretised momentum equation with p*. In general, the calcu-
lated velocity u* will not satisfy the continuity equation. Therefore, corrections to 
the pressure and velocity values must be found. Solving a pressure correction equa-
tion [Doo84], the pressure correction p’ is obtained. p’ is used to correct pressure 
(p*+p’) and in a similar way velocity (u*+u’). After that, the discretised equations 
for other variables e.g. enthalpy, turbulent quantities, etc. are solved. The calcula-
tion process is repeated until convergence is obtained. 
 
Boundary conditions 
If control volumes (cells) are located at boundaries of the flow domain, a special 
treatment is needed. In this case, data at the boundaries (or boundary conditions) 
are required to enable the solution of the equation system for the flow variables. 
 
There are many types of boundary conditions offered in the CFD program package 
[ESI06]. Only those necessary for pressure calculation are discussed here. 
 
Wall: 
“Wall” is used to limit the flow domain. It is impermeable for every conserved 
quantity. On “wall” the normal velocity component is always zero. The rupture 
disc can be modelled as wall as long as it is closed and changes to “interface” 
(permeable for every conserved quantity), when rupture disc opens. Another prop-
erty of “wall” is that it enables the simulation of heat transfer from gas to enclosure 
walls. For this purpose, the heat transfer coefficient and the wall temperature must 
be known. Most often, the heat transfer to the walls is negligible due to typical 
short arc durations compared to the time constant of the heat transfer process to the 
walls. 
 
Outlet: 
In order to model pressure relief openings e.g. the opening from switchgear build-
ing to the environment, “outlet” can be applied. Usually, the fixed pressure bound-
ary condition (constant static pressure) is applied at the outlet. Due to the fact that 
the static pressure in the opening practically does not differ from that in the envi-
ronment (atmospheric pressure), this assumption is valid. 
 
Solid: 
“Solid” is a volume condition. If a cell in the flow domain is defined as “solid”, it 
is surrounded by walls. As a result, it is isolated from the flow domain. “Solid” of-
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fers a possibility to simulate the heat transfer to the solid and heat storage. This can 
be used to model e.g. the effect of arc energy absorbers. For this purpose, the spe-
cific heat capacity and thermal conductivity of the metal plate must be known. 
 
2.4 Standard Calculation Method 
In order to improve pressure calculation with the standard calculation method, the 
fundamentals of the extended calculation method described in [Schum94/2, Fri98] 
are presented. This method is based on the ideal gas model and the first law of 
thermodynamics. For this purpose, the governing equations used for calculating 
temperature and pressure rise are presented. Finally, the numerical methods, which 
solve the equation system, are briefly described. 
 
2.4.1 Derivation of Governing Equations 
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Fig. 2.3: Change of state in the arc room (AR) and relief room (RR) at two subsequent time 
steps 
 
For the derivation of the governing equations, a system is considered, which con-
sists of two rooms connected to each other via an opening. These rooms are the arc 
room (AR), where the fault takes place and the relief room (RR), into which hot 
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gas and high pressure from the arc room is released. During the time interval dt, 
the arc is assumed to transfer the heat energy dQ homogeneously to the surround-
ing gas in the arc room causing a change of state in the arc and relief room as 
shown in Fig. 2.3. 
 
With equation (2.3), the part of arc energy, which heats up the gas and causes 
overpressure dQ can be written as: 
 
 
dtPkdWdQ elptherm ⋅⋅==  (2.30) 
 
According to the first law of thermodynamics, the heat energy dQ causes a change 
in the internal energy of the gas mass within the arc room dUmAR and expansion 
work dWexp (p⋅dVAR) [Schmi75]. During the gas flow through the opening, the ex-
hausted gas mass dmAR-RR is accelerated to the velocity v with the kinetic energy 
dWkin. 
AR
2
RRARmexpkinmelp dVp2
vdmdUdWdWdUdtPk
ARAR
⋅+⋅+=++=⋅⋅
−
 
(2.31) 
 
It is advantageous to refer to the change in internal energy in the volume of the arc 
room dUVAR instead of the gas mass in the arc room dUmAR. In this case, the internal 
energy transferred from the arc room to the relief room by gas mass dmAR-RR can be 
expressed in terms of specific internal energy u(T’), where T’ is the temperature of 
the exhausted gas mass at the opening. dUmAR is then the sum of the transferred in-
ternal energy dmAR-RR⋅u(T’) and the change in internal energy in the volume of the 
arc room dUVAR: 
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2
RRAR
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RRARVelp dVp2
vdm)'T(udmdUdtPk
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−−     (2.32) 
 
With the specific enthalpy h = u+pV/m where V/m is the specific volume, equation 
(2.32) becomes: 
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The change in internal energy dUVAR 
 
 
( ) ( )ARARVARARRRARARVV T,mUdTT,dmmUdU ARARAR −+−= −  (2.34) 
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can be expanded by applying a Taylor series expansion and disrupted after the sec-
ond term: 
 
 
( ) ( )
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( ) ( ) ARARvARARRRARV dTTcmT,dmU AR   ⋅+−= −  
(2.35) 
 
Substituting equation (2.35) into equation (2.33), the temperature dTAR is: 
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(2.36) 
 
The term h(T’)+v²/2 in equation (2.33) is replaced by the specific enthalpy in the 
arc room h(TAR) according to Bernoulli’s equation under the assumption that the 
gas flow velocity within the arc room is zero. This assumption is valid as long as 
the arc room is much larger than the size of its opening [Dur08]. 
 
Similarly, the temperature change in the relief room dTRR resulting from the mass 
transfer dmAR-RR can be derived. 
 
 
( ) ( )( )
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−
 
(2.37) 
 
Equation (2.36) and (2.37) are coupled by the exhausted gas mass dmAR-RR. In order 
to determine dTAR and dTRR, dmAR-RR must be known. It is given by [Schmi75]: 
 
 
dtvAdm eeRRAR ⋅⋅⋅⋅=− ρα  (2.38) 
 
α is the discharge coefficient describing the contraction effect of the gas flow 
through an opening depending on its shape and friction loss. A is the cross sec-
tional area. ρe and ve are the gas density and flow velocity in the opening, respec-
tively. 
 
With typical pressure relief openings mounted in electrical installations, the dis-
charge coefficient can be assumed to be constant. Its value is between 0.59 and 
0.75 [Obe86, Fri98]. 
 
26 2 Fundamentals of Pressure Calculation 
The gas flow velocity in the opening ve is determined by applying Bernoulli’s 
equation with the specific enthalpy of the gas in the arc room and of the exhausted 
gas. Assuming zero velocity in the arc room, ve is: 
 
 ( ) ( )( )eARe ThTh2v −⋅=  (2.39) 
 
In order to determine ve, Te has to be known. Te is determined iteratively by using 
an adiabatic equation, which considers the heat capacity depending on temperature 
[Schum94/2]: 
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(2.40) 
 
Cv(T) is the heat capacity, ni(T) the mole number of the gas component i depending 
on temperature, and R the universal gas constant. 
 
Here, it is assumed that the pressure in the opening pe is equal to the pressure in the 
relief room pRR. If Te is known, ve is determined with equation (2.39). The maxi-
mum flow velocity in the opening can only reach local sound velocity c at the nar-
rowest cross section of the flow [Lan91]. With this constraint, ve is determined it-
eratively [Fri98]. 
 
( )ee Tcv ≤  (2.41) 
 
Applying the equation of state to the gas within the arc and relief room with the 
temperature changes dTAR and dTRR, the pressure in both rooms at t0+dt is obtained: 
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(2.43) 
 
MAR(TAR) and MRR(TRR) are the molar masses in the arc and relief room depending 
on temperature. 
 
In case of further relief rooms (FRR) connected via openings, the temperature 
change in those rooms is derived similarly. As an example, a further relief room 
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connected to the first relief room via an opening is considered. In this case, the 
equation for the temperature change in the arc room dTAR remains unchanged, 
while the temperature change in the relief room dTRR and in the further relief room 
dTFRR is: 
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The pressure change in each room is then determined by the equation of state. 
 
2.4.2 Numerical Methods 
In order to determine overpressure, the system of coupled first order differential 
equations describing temperature and mass exchange (equation (2.36), (2.38), 
(2.44), and (2.45)) must be solved numerically. 
 
The simplest numerical method is the Euler method. The solution is achieved as-
suming that the slope of the solution curve as function of time is equal to the slope 
of the tangent line at any point on it [Asc98]. 
 
Another method, which yields a more accurate result, is the Runge-Kutta method, a 
higher-order one [Asc98]. Here, the slope of the midpoint at time t0+Δt/2 located 
between initial point at time t0 and the next point at time t0+Δt is used instead of 
that of the initial point for a better approximation. Hence, this method is sometimes 
called the midpoint method. 
 
In order to increase the accuracy, the fourth-order Runge-Kutta method is used 
here [Fri98]. With this method the value of the next point is determined by the 
weighted average value of slopes at the initial point, at two midpoints, and at the 
next point [Asc98]. 
 
During the iteration process the gas properties at any pressure and temperature 
must be known. They are determined by linear interpolation between reference 
values in two-dimensional tabular form depending on pressure and temperature 
[Fri98]. 
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3 Modelling of SF6-Air Mixtures and Arc Energy  
Absorbers 
In order to consider SF6-air mixtures and arc energy absorbers, extensions of the 
pressure calculation methods, CFD and extended standard calculation method, are 
necessary. 
 
3.1 Gas Mixtures 
In this section, the approaches for taking into account gas mixtures are described. 
The key point is the treatment of gas mixture properties, i.e. the thermodynamic 
and transport properties, with changing gas composition. 
 
3.1.1 Properties of Mixtures without Particle Interactions and 
Chemical Reactions 
An approach to obtain gas properties of mixtures is the application of mixing laws. 
For all gas properties, real gas data of the mixture components, i.e. SF6 and air, are 
used; however, interactions and chemical reactions between these components are 
not considered. If the concentrations of SF6-air mixtures and the gas properties of 
the components are known, the properties of the mixtures can be calculated by: 
 
Density ρ: 
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where ξi is the mass fraction ( =
i
iii mmξ ). 
 
Specific enthalpy h and heat capacity at constant pressure cp and volume cv: 
 
 
( ) ( ) ( )ThThTh airairSFSFairSF 666 ⋅+⋅=− ξξ  (3.2) 
 
 
( ) ( ) ( )TcTcTc air,pairSF,pSFairSF,p 666 ⋅+⋅=− ξξ  (3.3) 
 
 
( ) ( ) ( )TcTcTc air,vairSF,vSFairSF,v 666 ⋅+⋅=− ξξ  (3.4) 
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Molar mass M: 
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Sound velocity c: 
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κSF6-air is the adiabatic coefficient of the SF6-air mixtures. 
 
Viscosity η and thermal conductivity λ: 
For both viscosity and thermal conductivity, Wilke’s formula [Whi91] is applied 
(here demonstrated for η): 
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and x the mole fraction, which can be derived from the mass fraction. 
 
3.1.2 Properties of Mixtures with Particle Interactions and Chemical 
Reactions 
If real gas data of mixtures are used, interactions of particles (intermolecular 
forces) as well as chemical reactions between components of SF6 and air are in-
cluded. In this case, gas composition and thermodynamic properties of the mix-
tures (gas density, molar mass, specific enthalpy, specific heat and sound velocity) 
are determined by minimizing Gibbs free energy. The transport properties (thermal 
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conductivity and viscosity) are derived by solving the Boltzmann equation with the 
knowledge of the gas composition (see section 2.2.2). 
 
3.1.3 Comparison of Properties of SF6-Air Mixtures with and without 
Particle Interactions and Chemical Reactions 
In order to find out the influence of particle interactions and chemical reactions 
between the components of SF6 and air on the gas properties, two examples are 
considered, specific heat and sound velocity. Both quantities are calculated for 
constant pressure depending on temperature. 
 
In Fig. 3.1 the specific heat at constant volume of a 40% SF6 – 60% air mixture 
(mass percent) depending on temperature at 1 bar is shown for both approaches. 
For T > 5,000 K the curves differ only slightly. However, in the temperature range 
where SF6 dissociates (1,600 K < T < 5,000 K), which is most important for pres-
sure calculation, the difference is significant. This temperature range appears in the 
mixing zone of hot SF6 with cold air in the exhaust region of the faulty compart-
ment e.g. in adjacent compartments and relief ducts. 
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Fig. 3.1: Specific heat capacity at constant volume cv of a 40% SF6 – 60% air mixture de-
pending on temperature at 1 bar with and without consideration of particle interac-
tions and chemical reactions 
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In Fig. 3.2 the sound velocity is presented for both approaches. Again in the low 
temperature range (between 2,000 K and 3,000 K), the values differ. Different flow 
velocity means different mass flow and by that energy transfer and pressure devel-
opment. 
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Fig. 3.2: Sound velocity of a 40% SF6 – 60% air mixture depending on temperature at 1 bar 
with and without the consideration of particle interactions and chemical reactions 
 
From both examples, it is obvious that particle interactions and chemical reactions 
have to be taken into account for reliable pressure calculations. 
3.1.4 Consideration of Gas Properties of Changing Composition 
During the SF6 flow from the arc room to the relief room, the SF6-air composition 
and by that the gas properties changes continuously. This change has to be taken 
into account. 
 
Because the system contains only two basic gas components (SF6 and air), it is 
possible to refer to one concentration. If the mass fraction ξ of one component is 
known, the other one is derived by: 
 
 
1airSF6 =+ξξ  (3.10) 
 
The gas properties are calculated for different mass fractions in dependence on 
temperature and pressure. 
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3.1.5 Preparation of Gas Data 
Since the direct calculation of the gas data for different gas mixtures is too elabo-
rate as well as time and memory consuming for numerical iterative processes, only 
reference values are calculated. Intermediate values are determined by interpola-
tion. These reference values are needed depending on gas composition, tempera-
ture and pressure. 
 
Eleven discrete values of the SF6 mass fractions ranging from pure air to pure SF6 
are chosen (Table 3.1). Air is assumed to be composed of 79% nitrogen and 21% 
oxygen. 
 
SF6 Air N2 O2 
6SFξ  6SFx  airξ  airx  2Nξ  2Nx  2Oξ  2Ox  
0.0 0.0000 1.0 1.0000 0.7671 0.7900 0.2329 0.2100 
0.1 0.0215 0.9 0.9785 0.6904 0.7730 0.2096 0.2055 
0.2 0.0470 0.8 0.9530 0.6137 0.7529 0.1863 0.2001 
0.3 0.0780 0.7 0.9220 0.5370 0.7284 0.1630 0.1936 
0.4 0.1163 0.6 0.8837 0.4603 0.6981 0.1397 0.1856 
0.5 0.1649 0.5 0.8351 0.3835 0.6597 0.1165 0.1754 
0.6 0.2285 0.4 0.7715 0.3068 0.6095 0.0932 0.1620 
0.7 0.3153 0.3 0.6847 0.2301 0.5409 0.0699 0.1438 
0.8 0.4413 0.2 0.5587 0.1534 0.4414 0.0464 0.1173 
0.9 0.6399 0.1 0.3601 0.0767 0.2845 0.0233 0.0756 
1.0 1.0000 0.0 0.0000 0.0000 0.0000 0.0000 0.0000 
 
Table 3.1: Reference compositions of SF6-air mixtures (: mass fraction, x mole fraction) 
 
The maximum temperature of free burning high current arcs is in the order of 
10,000 to 20,000 K. Pressures up to some 10 bar occur in GIS [Str75]. Hence, in 
order to cover a wide range of applications, discrete values of temperature and 
pressure in the range of 250 to 40,000 K and 0.1 to 100 bar, respectively, are cho-
sen. The number of these reference values must be reasonable with respect to 
memory space. On the other hand, the step size should be kept small to be accu-
rate. As the most important temperature range for pressure calculation is up to a 
few thousand Kelvin and for the pressure around ambient pressure up to a few bar, 
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a logarithmical increase is applied for the step sizes starting from small to large. 
The data resolution at high temperature and pressure is then less fine. This is not a 
serious drawback as these values occur rather late in the pressure development 
where in general overpressure is already considerably reduced due to the effect of 
relief openings. 
 
The calculated properties of SF6-air mixtures with pressure and temperature refer-
ence values for different SF6 mass fractions are arranged in two-dimensional tables 
(Fig. 3.3). 
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Fig. 3.3: Table containing the gas properties f e.g. specific enthalpy, specific heat, etc. de-
pending on pressure and temperature for a certain mass fraction of SF6 (m and n 
are the numbers of reference temperatures and pressures, respectively) 
 
3.1.6 Influence of Gas Impurities 
During internal arcing, the insulating gas is contaminated by metal vapour from 
electrode evaporation. This vapour may change the gas properties and thus influ-
ence pressure rise. The additional gas particles from the vapour and the change of 
energy content by chemical reactions between vapour and insulating gas may con-
tribute to an increase in pressure as well [Zha02, Zha06]. These additional effects 
are not considered here. 
 
In order to investigate the influence of metal vapour, two scenarios are considered, 
a contamination of pure SF6 by 10% copper vapour, representative for the pressure 
rise in the arc room, and a 36% SF6 – 4% Cu – 60% air mixture (i.e. 10% copper 
vapour in the arc room) representative for the situation in the relief room. All per-
centage values are in mass percents. 
 
In Fig. 3.4 the specific enthalpy of pure SF6 depending on temperature at 1 bar is 
depicted together with a mixture of 90% SF6 – 10% Cu vapour. The calculation of 
the specific enthalpy is performed with real gas data of the mixtures and with the 
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assumption that copper vapour exists even at low temperatures (below the boiling 
point of copper, 2835 K). 
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Fig. 3.4: Specific enthalpy of pure SF6 and a 90% SF6 – 10% Cu mixture (in mass) depend-
ing on temperature at 1 bar 
 
The same comparison is made for the specific heat capacity and for the sound ve-
locity for both gases (Fig. 3.5 and 3.6). 
 
The curves in each figure (Fig. 3.4 to 3.6) are nearly identical, i.e. the energy con-
tent in the arc room is practically unchanged. A slight difference in both cv curves 
(Fig. 3.5) is observed especially in the dissociation temperature range of SF6 (not 
relevant below the boiling point) and at higher temperature. For the sound velocity 
(Fig. 3.6), the difference is small as well. Due to the fact that the escaping energy 
content during gas exhaust from the arc room is somehow proportional to the spe-
cific heat capacity and the sound velocity, the energy content within the arc room 
will hardly change with a contamination of SF6 by e.g. copper vapour. Moreover, 
this conclusion is supported by the fact that in the temperature range around 
5,000 K the deviations of the contaminated specific enthalpy and sound velocity 
from the uncontaminated values are in opposite direction and compensate some-
how its effects. 
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Fig. 3.5: Specific heat capacity at constant volume cv of pure SF6 and a 90% SF6 – 10% Cu 
mixture (mass percent) depending on temperature at 1 bar 
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Fig. 3.6: Sound velocity of pure SF6 and a 90% SF6 – 10% Cu mixture (mass percent) de-
pending on temperature at 1 bar 
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For the second scenario (representative for small relief rooms), there is practically 
no influence of the copper contamination on the specific enthalpy as well as the 
sound velocity. However, there are some differences in the specific heat in the 
temperature range below about 6,000 K (Fig. 3.7). This may result in a difference 
of pressure rise in the relief room (up to about 10% enlarged pressure with con-
tamination, see section 6.2.1). 
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Fig. 3.7: Specific heat capacity at constant volume cv of a 40% SF6 – 60% air and a 
36% SF6 – 4% Cu – 60% air mixture depending on temperature at 1 bar 
 
3.2 Arc Energy Absorbers 
      
1 layer 2 layers 3 layers 5 layers
 
(a)       (b) 
 
Fig. 3.8: Front view of expanded metal layers (a) and arrangements of multilayer absorb-
ers (b) 
 
Arc energy absorbers are installed in electrical installations to reduce pressure and 
thermal stress in relief rooms like switchgear and transformer rooms and to avoid 
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the exit of flames as well as glowing metal particles. They consist most often of 
layers of expanded metal (Fig. 3.8). There exist other arrangements and types, 
which e.g. consist of ceramics with high thermal conductivity [Gla03]. Due to their 
fine structure, their direct (geometrically exact) modelling is in general too time 
and memory space consuming. That is why it is reasonable to consider their physi-
cal effects. 
 
3.2.1 Effects of Absorbers 
The main effects of absorbers are heat energy absorption and flow resistance 
[Wah07]. Through heat absorption, gas temperature and energy behind the ab-
sorber decrease causing a reduction in pressure and thermal stress. The flow resis-
tance provokes a pressure rise in front of the absorber, however, a decrease behind 
it. The pressure loss caused by gas friction within the absorber is converted into 
heat and absorbed in part (Fig. 3.9). 
 
gas flow
absorbed heat energy Q
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p
 
 
Fig. 3.9: Effects of arc energy absorbers on gas flow 
 
Both effects are described by determining the amount of absorbed heat energy and 
of the pressure loss, respectively. 
 
3.2.2 Modelling of Heat Energy Absorption 
Three different model approaches to describe heat absorption are distinguished. 
Two are based on temperature measurements, the third one on an analogy between 
tube bundles and absorber grids. 
 
Grid efficiency model 
This model is based on the approach described in [Schm06/2]. The absorbed en-
ergy is determined with the grid efficiency ηG, defined as the ratio of absorbed heat 
energy Q to the electric arc energy Wel: 
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el
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Q
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(3.11) 
 
 
TcmQ GG Δ⋅⋅=  (3.12) 
 
mG is the mass of the grid and cG its specific heat capacity. If the absorber is com-
posed of several layers or grids, equation (3.12) must be applied to each of them. 
The total absorbed energy is then the sum of the absorbed energy of each grid. 
 
In [Schm06/2] the temperature increase of the absorber is obtained by measure-
ment. Numerous arc tests have been performed to determine the grid efficiency of 
different kinds of absorbers. This grid efficiency is a parameter of the absorber. 
 
Thermal efficiency model 
A further model to determine the absorbed heat energy referring to temperature 
measurements is based on the approach described in [Wah07]. 
 
Similar to the grid efficiency model, the absorbed energy is determined by means 
of the thermal efficiency ηT: 
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TT
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ΔΔ
η
−
=
 
(3.13) 
 
with ΔTbefore and ΔTbehind the maximum gas temperature rise in front of and behind 
the absorber, respectively. 
 
ΔTbefore-ΔTbehind means the temperature reduction of hot gas after passing the ab-
sorber. In contrast to the grid efficiency approach, where the absorbed energy is 
determined by measuring the absorber temperature, gas temperatures are deter-
mined here. 
 
The absorbed energy dQ is: 
 
 
TcdmdQ p Δ⋅⋅=  (3.14) 
 
 
dtvAdVdm A ⋅⋅⋅=⋅= ρρ  (3.15) 
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with dm the gas mass flowing through the absorber, V the gas volume passing the 
absorber and AA the cross section of the absorber. 
 
With equations (3.13), (3.14) and (3.15) the absorbed energy Q is: 
 
 

Δ⋅⋅⋅⋅⋅=
ct
0
beforepTA dtTcvAQ ρη
 
(3.16) 
 
tc is the calculation time. AA and ηT are constants. ρ, v, cp and ΔTbefore vary during 
the gas flow and depend on time, i.e. they must continuously be updated during the 
calculation process. 
 
In [Wah07] ρ, v and cp in equation (3.16) are taken as constants. 
 
Heat transfer model 
The analogy between tube bundles and absorber grids is utilised by the heat trans-
fer model. It is based on the determination of the heat transfer rate between a fluid 
and tube bundles, well known in heat exchanger theory [VDI98]. 
 
In general, the heat transfer rate Q  between the gas flow and the surface of an ab-
sorber is given by: 
 ( )AF* TTAQ −⋅⋅=α  (3.17) 
 
α* is the heat transfer coefficient depending on gas flow velocity, thermal conduc-
tivity of the fluid, geometry of the absorber and flow conditions. A is the surface 
area of the absorber, TF the gas and TA the absorber temperature. 
 
In detail, the heat transfer rate between a fluid and the surface of a tube bundle 
comprising a number of tube arrays (Fig. 3.10) is [VDI98]: 
 
 log
* TAQ Δα ⋅⋅=
 
(3.18) 
 
with ΔTlog the “log mean temperature difference”, a logarithmic average of the gas 
temperature difference in front of and behind the bundle (absorber). It is often used 
in order to determine the effective gas temperature along the absorber (tube bun-
dle) and defined as: 
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where TA is the absorber temperature, TIN the gas temperature in front of the ab-
sorber and TOUT the gas temperature behind the absorber. 
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Fig. 3.10: Cross section of in-line and staggered tube bundles subject to cross-flow, a and b 
are the transverse and longitudinal pitch ratio, respectively 
 
The determination of the heat transfer coefficient α* depending on structure pa-
rameters, gas properties and flow conditions is given in appendix B. 
 
The absorber temperature itself plays an important role in the value of the heat 
transfer rate. It increases with the amount of absorbed energy resulting in a reduced 
heat transfer rate. This effect is included in the model here. The temperature rise of 
the absorber dTA within time dt is determined by: 
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(3.20) 
 
where mA and cA are the mass and the specific heat capacity of the absorber (here 
taken constant), respectively. 
 
With the heat transfer rate Q  from the preceding time step, dTA is determined and a 
new value of the absorber temperature is obtained. This in turn is the initial value 
for the heat transfer rate calculation of the next time step. In order to simplify the 
calculation, equation (3.18) is replaced by equation (3.17). 
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By integration of the heat transfer rate Q  over time, the absorbed heat energy is 
obtained (tc is the calculation time): 
 
 

=
ct
0
dtQQ 
 
(3.21) 
 
With the CFD method, spatially resolved values of gas density, flow velocity, tem-
perature, pressure and SF6 mass fraction are obtained. However, applying the 
thermal efficiency and heat transfer models, mean values are required (non-
dimensional models). That is why the parameters mentioned above have to be av-
eraged during each iteration step before used to determine the values in equation 
(3.16) and (3.17). The averaging methods are described in appendix C. 
 
3.2.3 Modelling of Flow Resistance 
There are two basic approaches to model flow resistance. The first one is rather 
simple replacing the absorber by an effective concentrated opening. The second 
one is more complex. The models belonging to this approach are based on the de-
scription of the pressure loss. There exist two proceedings; one is based on the 
analogy with crossed tube bundles and another one on the analogy with turbulence 
grids. 
 
Effective opening model 
The idea of this model is to replace the numerous small openings of an actual ab-
sorber by a single concentrated one delivering the same pressure loss as the ab-
sorber. The pressure loss Δp is given by: 
 
 
2
vp
2
⋅⋅= ρξΔ
 
(3.22) 
 
with ξ the pressure loss coefficient. 
 
Due to boundary layers resulting from friction forces, the mass flow through the 
opening is reduced. This is described in the standard calculation method by the 
discharge coefficient α resulting in an effective opening smaller than the actual one 
(equation (2.38)). α is the product of a contraction coefficient μ times the velocity 
coefficient ϕ, which is in turn related to the pressure loss coefficient ξ [Boh08]: 
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 ξμϕμα −=⋅= 1
 
(3.23) 
 
In the calculation, α is varied until agreement between measurement and calcula-
tion is reached. 
 
Pressure loss model 
 
In-line and staggered tube bundles: 
The pressure loss Δp of in-line and staggered tube bundles subject to cross-flow 
(Fig. 3.10) is given by [VDI98]: 
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(3.24) 
 
with ξT the pressure loss coefficient of the tube bundle, NA is the number of tube 
arrays (absorber layers), and ve the flow velocity in the narrowest cross section 
(Fig. 3.10). 
 
If the tube cross section is non-circular, the hydraulic diameter of the tube dh,T has 
to be taken instead of the tube diameter d [Boh08]: 
 
 
U
A4d T,h
⋅
=
 
(3.25) 
 
A is the cross sectional area of the non-circular tube and U is the perimeter of the 
cross section. 
 
ξT consists of a laminar and turbulent component as well as some correction fac-
tors. Details of its determination are given in appendix D. 
 
In [Wah07] the model approach for staggered tube bundles is modified to consider 
crossed tube bundles or mesh-like absorbers in a simple way. For this purpose, a 
factor of two is introduced in equation (3.24) and that for the Reynolds number. By 
this means, an increased flow resistance and gas flow velocity is considered. 
Moreover, constant gas properties are taken at ambient temperature. 
 
Crossed in-line and staggered tube bundles: 
For crossed in-line and staggered tube bundles, however, there exists a direct ap-
proach to model the pressure loss Δp [VDI98]: 
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h
ρξΔ ⋅⋅=
 
(3.26) 
 
with ξh the pressure loss coefficient of the crossed tube bundle, l the length of the 
crossed tube bundle in the flow direction, d the diameter of a tube, ρ the average 
gas density, and vh the average gas velocity in the tube bundle (Fig. 3.11). 
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Fig. 3.11: Arrangement of crossed in-line and staggered tube bundle 
 
The thickness of the crossed tube bundle in the flow direction is obtained by  
(for s2 = d): 
 
dNl A ⋅=  (3.27) 
 
where NA is the number of tube arrays or the number of absorber layers. 
 
The average gas velocity in the tube bundle vh is defined as: 
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with 
V
V
AA fh ⋅=
 
(3.29) 
 
FV  is the volume flow rate of the gas, Vf the free volume in between the tubes, V 
the total volume of the tube bundle (free volume in between the tubes plus volume 
of the tubes), and A the cross section of the tubes perpendicular to the gas flow di-
rection. 
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For the analogy with absorbers, it is assumed that s2 = d so that the following equa-
tions are valid for the crossed tube bundles [VDI98]: 
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(5×103 ≤ Reh ≤ 105) (3.30) 
 
staggered: 15.0
h
v
h Re
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=ξ
 
(4×103 ≤ Reh ≤ 105) (3.31) 
 
The constants Cf and Cv depend on the transverse pitch ratio a. Their values for a 
between 1.25 and 5.0 are given in Table 3.2. Intermediate values are obtained by 
interpolation. 
 
The Reynolds number for crossed tube bundles Reh is determined by: 
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dh,TA is the hydraulic diameter of the tube arrays or absorber layers for three-
dimensional arrangements. 
 
a Cf Cv 
1.25 0.50 0.80 
1.50 0.38 0.62 
2.00 0.55 0.75 
3.00 0.62 1.28 
4.00 0.61 1.74 
5.00 0.60 2.17 
 
Table 3.2: Constants Cf and Cv depending on transverse pitch ratio a [VDI98] 
 
Turbulence grids: 
In [Bez92], so-called “turbulence grids” (mesh-like grids made of flat bars with 
different ratios of mesh width M to bar width D (Fig. 3.12)), installed in a duct, are 
introduced. 
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Fig. 3.12: Arrangement of turbulence grids and their dimensions 
 
The pressure loss of such grids is known: 
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(3.34) 
 
where ξTG is the pressure loss coefficient of the turbulence grid, L the length of the 
duct, in which the absorber is installed, H* the height of the duct and ve the gas ve-
locity at the narrowest cross section of the turbulence grid (ve = v⋅(M/D)/((M/D)-
1)). 
 
2c
ed1TG Rec ⋅=ξ  (3.35) 
 
with the constants c1 and c2 depending on the ratio of mesh width M to bar width D 
(Table 3.3), which have been determined experimentally. 
 
M/D c1 c2 
2.5 0.095 0.037 
1.2 0.192 0.690 
0.4 0.417 0.072 
0.1 4.168 0.024 
 
Table 3.3: Constants c1 and c2 for a turbulence grid according to equation (3.35) [Bez92] 
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with v the gas flow velocity in front of the turbulence grid. 
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For pressure calculations with the CFD method applying the pressure loss model, 
the values of gas density, flow velocity, temperature, pressure, and SF6 mass frac-
tion have to be averaged (like in the previous section). The corresponding methods 
are described in appendix C. 
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4 Implementation of Gas Mixtures and Arc Energy 
Absorbers in the CFD Calculation Method 
 
4.1 Description of the Software Package 
For the pressure calculations, a commercial CFD software package is used 
[ESI06]. This package includes a multi-physics software, with which physical phe-
nomena coupled to flows (e.g. heat transfer, chemical reactions, electromagnetics, 
structural dynamics) can be treated. Here, the solvers for fluid mechanics and heat 
transfer are used. The software package is composed of five modules, a pre-
processor, user interface, equation solver, postprocessor, and programming inter-
face (Fig. 4.1). 
 
PRE-PROCESSOR
Creation and 
discretisation of 
the flow domain
USER-INTERFACE
Specification of 
boundary conditions
and calculation settings 
EQUATION SOLVER
Iterative solution of equation system 
POSTPROCESSOR
Presentation of 
simulation results
PROGRAMMING INTERFACE
User-defined algorithms
(FORTRAN subroutines)
 
 
Fig. 4.1: Structure of the software package 
 
The pre-processor is used to generate the geometry of the arrangement under con-
sideration (flow domain) and to discretise it into numerous small cells ready for 
numerical treatment (see section 2.3.4). For the discretisation of the flow domain, 
the number of cells should be not too large, i.e. the cell size should be not too small 
in order to avoid unreasonably long computing time. On the other hand, the discre-
tisation should be fine enough for accurate calculation results, especially in sensi-
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tive regions, where significant changes in the conserved quantities are expected to 
occur. In other regions, rougher discretisation may be sufficient. 
 
With the user interface, boundary conditions are specified and the calculation set-
tings are carried out (preparations for calculation). The equation solver solves the 
equation system in each cell of the flow domain iteratively. The postprocessor is 
used to present simulation results. 
 
The last module, the programming interface, allows the implementation of user-
defined algorithms as FORTRAN subroutines. By this means, e.g. gas properties 
obtained from external sources can be implemented replacing those offered by the 
CFD program as default values. 
 
4.2 Implementation of SF6-Air Mixtures 
 
4.2.1 Determination of SF6 Mass Fractions 
In order to calculate pressure rise considering gas mixtures, the SF6 mass fraction 
in each cell of the flow domain must be known (see section 3.1.4). For this pur-
pose, the conservation equation system has to be completed by a conservation 
equation for the SF6 mass fraction 6SFξ : 
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(4.1) 
 
D is the diffusivity and 
6SF
Sξ  the source term, which is equal to zero (no additional 
SF6 sources). 
 
4.2.2 Interpolation of Gas Properties 
Due to the fact that the gas data of SF6-air mixtures are provided in tabular form 
with certain reference values for pressure, temperature, and SF6 mass fraction (see 
section 3.1.5), intermediate values are obtained by three-dimensional interpolation. 
 
In general, with linear interpolation, the convergence of the iteration process to 
solve the partial differential equation system is poor. That is why spline interpola-
tion is chosen here. However, this proceeding is time consuming. In order to limit 
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the computing time, the interpolation process must be optimised without affecting 
the quality of convergence remarkably. 
 
The proceeding is as follows: The SF6 mass fraction is linearly interpolated, while 
the spline interpolation is applied for pressure and temperature dependencies of the 
gas properties. By this means, the computing time remains reasonable and smooth 
dependencies of the gas properties are reached in areas, where a rapid change of 
temperature and pressure occurs. 
 
For this purpose, a pre-calculation procedure is introduced, with which the interpo-
lation coefficients for the two-dimensional spline interpolation are determined once 
in advance. These coefficients facilitate and speed up the calculation process con-
siderably [Ana07]. 
 
4.3 Implementation of Arc Energy Absorbers 
The implementation of arc energy absorbers in the calculation process means the 
inclusion of models for the description of the absorbed heat energy and pressure 
loss (see section 3.2.1). 
 
4.3.1 Absorbed Heat Energy 
Heat accumulation by absorbers is modelled as energy sinks in the flow domain at 
the location of the absorber. This is realised in the source term of the energy con-
servation equation of the corresponding cells. 
 
The source term Sh (power/volume) of a cell with volume V is expressed as (equa-
tion (2.29)): 
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(4.2) 
 
with Q(t) the total absorbed heat energy and VA the total volume of the absorber 
in the flow domain. The negative sign indicates the energy sink. 
 
4.3.2 Pressure Loss 
The pressure loss p across the absorber is caused by friction forces FF: 
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with AA the cross section of the absorber. 
 
It is treated in a similar way to the absorbed heat energy. The friction force is im-
plemented in the source term of the momentum conservation equation SM 
(force/volume): 
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(4.4) 
 
The negative sign indicates that the force is directed against the gas flow direction. 
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5 Implementation of Gas Mixtures and Arc Energy 
Absorbers in the Standard Calculation Method  
(Improved Standard Calculation Method) 
 
5.1 Implementation of SF6-Air Mixtures 
The main task to implement gas mixtures in the standard pressure calculation 
method is the consideration of their gas properties in the equation system derived 
in section 2.4.1. The gas properties of mixtures depend not only on temperature 
(ideal gas model) but on gas composition as well. 
 
Accordingly, the temperature change dTAR in the arc room with an attached relief 
room in the time interval dt is: 
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(5.1) 
 
with ξAR the SF6 mass fraction in the arc room. 
 
The temperature change in the relief room dTRR, caused by the energy transfer from 
the arc room to the relief room via the mass dmAR-RR, is now: 
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(5.2) 
 
u and h in equation (5.2) depend on ξAR because of the mass exchange, while the 
specific heat cv of gas mixtures in the relief room depends on ξRR. 
 
The transferred mass dmAR-RR, which couples both equations, is determined in the 
same way as described in section 2.4.1. However, properties of SF6-air mixtures 
depending on SF6 mass fraction in the arc room must be considered. 
 
The mass fraction ξi in each room i after mass transfer is: 
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with dmIN the mass transferred to room i, and dmOUT the exhausted mass from room 
i. It is assumed that SF6 is homogeneously distributed in each room. 
 
The pressure rise in the arc and relief room at t0+dt follows from the equation of 
state taking into account the molar mass of SF6-air mixtures: 
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with MAR(TAR, ξAR) and MRR(TRR, ξRR) the molar mass of the gas mixtures in the arc 
and relief room, respectively. 
 
During the calculation, real gas data of SF6-air mixtures are used. They are taken 
from pre-calculated data tables as described in section 3.1.5 by means of linear in-
terpolation depending on pressure, temperature, and SF6 mass fraction. Since no 
convergence is required in the calculation process, linear interpolation is sufficient. 
 
5.2 Implementation of Arc Energy Absorbers 
To include the effects of arc energy absorbers in the standard calculation method, 
the model approaches to describe heat energy absorption and flow resistance of 
absorbers introduced in section 3.2 must be implemented. 
 
Due to the fact that the standard calculation method should provide fast but reason-
able results, complex approaches are less appropriate. That is why the grid effi-
ciency model is applied to describe heat energy absorption, and a concentrated 
opening is used for the flow resistance of the absorber. 
 
Assuming the absorber is installed in the opening between arc and relief room, the 
temperature change of the SF6-air mixtures in the arc room dTAR is determined by 
equation (5.1). 
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The absorbed heat energy ηG⋅Wel (section 3.2.2) must be subtracted from the en-
ergy transferred from the arc room to the relief room by the mass dmAR-RR. This re-
sults in temperature change in the relief room dTRR: 
 
 
( ) ( )( )
( )RRRRvRR
elGARARARRRRRAR
RR
,Tcm
W,Th,TudmdT ξ
ηξξ
⋅
⋅−+−⋅
=
−
 
(5.6) 
 
dmAR-RR is determined as described in section 2.4.1 with the size of opening equal 
to the free opening of the absorber. Boundary layer effects in the free opening of 
the absorber are taken into account by the introduction of a discharge coefficient. 
By this means, the flow resistance is considered. 
 
Pressure rise in each room is calculated by using the equation of state considering 
temperature and mass change. 
 
In practice, the grid efficiency ηG can be determined experimentally by measuring 
the absorber temperature or by fitting calculated to measured pressure develop-
ments. The discharge coefficient can be obtained by fitting the calculated pressure 
development in the room before the absorber to the measured one. 
 
5.3 Extension to Further Rooms and Openings 
Frequently, more than two or three rooms or compartments are connected to each 
other via openings in switchgear installations. For this reason, it is necessary to 
extend the calculation method. This is achieved by modifying the governing equa-
tions in the previous sections into a general form able to describe the pressure de-
velopment in each room with any number of openings. 
 
The temperature change in each room i is described by: 
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(5.7) 
 
where Σ Wj describes all sources and sinks of energy in each room. For example, 
the source term in the arc room is kp⋅Pel⋅dt and the sink term -dmAR-RR⋅ 
(-u(TAR,ξAR)+h(TAR,ξAR)). dm is defined like in section 2.4.1. For any (further) relief 
room there exist at least one source and sink term depending on the mass ex-
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changes. The final relief room (in general the environment) has only one or several 
source terms due to incoming mass flows. 
 
If an absorber is installed in between two rooms, the amount of energy exchanged 
must be reduced by the absorbed heat energy (-ηG⋅Wel). 
 
The SF6 mass fraction in room i is given in a general form by: 
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with mi the gas mass in room i, dmj the incoming or outgoing mass transfer in room 
i, k the number of total incoming and outgoing mass transfers (number of open-
ings). 
 
For the pressure rise in any considered room i the equation 
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is valid with R the universal gas constant. 
 
5.4 Improved Software Package 
A computer program for pressure calculation is developed based on the extended 
standard method with real gas data including SF6-air mixtures as well as arc energy 
absorbers and considering any number of rooms and openings as described in the 
previous sections. The computer program is easy to handle using a graphic user 
interface and flexible parameter entry. 
 
In order to be platform independent, the program is written in Java and runs under 
any Java Virtual Machine (JVM). The Object-Oriented Programming (OOP) 
paradigm of Java language is especially suitable for considering any number of 
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rooms and openings. Concurrent computing (parallel execution) supported by Java 
is utilised in order to accelerate the calculation. 
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Fig. 5.1: Simplified flow diagram for the determination of mass transfer, temperature 
change and pressure rise for each room in a time step with the objects “connec-
tion” and “opening” 
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A simplified flow diagram for the determination of mass transfer, temperature 
change and pressure rise for each room in a time step based on this object concept 
is provided in Fig. 5.1. 
 
Although this software package yields spatially averaged values, the deviation be-
tween results obtained with this package and the CFD method, which includes 
pressure waves, are most often of less importance in practice. This has been proved 
by calculating overpressure in an elongate and cubic relief room of the same vol-
ume (appendix E). 
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6 Validation 
In this chapter, the CFD and improved standard calculation methods (in short ISC 
method) with the inclusion of SF6-air mixtures and arc energy absorbers are vali-
dated by comparing experimental with calculation results. For the calculations, the 
thermal transfer coefficient (kp-factor) depending on gas density is separately de-
termined for each arrangement experimentally. 
 
6.1 Arrangements and Test Conditions 
 
6.1.1 Arrangement 1 
The test arrangement shown in Fig. 6.1 is intended to simulate pressure relief dur-
ing internal arcing in SF6 from a switchgear compartment into a switchgear build-
ing without opening to the environment. 
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Room B
rupture disc 0.2 m³
8 m³
i
arc
(t)
 
 
Fig. 6.1: Test arrangement under investigation (arrangement 1) 
 
A small container (room A) is connected to a bigger one (room B) by a short tube. 
Both rooms are gastight, separated to each other by a rupture disc with a cross-
sectional area of 360 cm². The (effective) volume of rooms A and B is 0.2 and 
8 m³, respectively. Room A is filled with SF6 at 1.05 bar and room B with air at 
1 bar. 
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During the test, an arc with 20 kA current and 300 ms duration is ignited in room 
A leading to pressure rise. At an overpressure of 0.5 bar, the rupture disc opens and 
hot SF6 is exhausted from room A into room B resulting in pressure rise in room B. 
The overpressure in A and B is measured by pressure sensors pA and pB (Fig. 6.1). 
It should be noted that pressure sensor pB is not located directly opposite to the 
rupture disc, but shifted in order to avoid a direct contact with hot gas stream. 
 
The measured arc power development is shown in Fig. 6.2. Its energy after 300 ms 
is 3.55 MJ. 
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Fig. 6.2: Arc power development for the SF6 test in arrangement 1 determined by measured 
arc voltage and current (20 kA, 300 ms) 
 
6.1.2 Arrangement 2 
The second test arrangement (Fig. 6.3) is used to simulate pressure rise in switch-
gear compartments in case of arcs in SF6 as well, however, with other dimensions 
(typical for dead tank switchgear). 
 
Two tanks are connected by a short tube of 7.62 cm diameter. The arc is ignited 
within the first tank (0.51 m³) filled with SF6 at 1.5 bar (absolute). This tank is 
supplied with a rupture disc, which opens at a response pressure of 3.7 bar (abso-
lute) and releases the overpressure into a second tank (exhaust tank; 1.275 m³). The 
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exhaust tank contains air at ambient pressure. The connecting tube has been found 
to be not absolutely gastight to the exhaust tank. The effective opening area of the 
gap is estimated to be about 0.003 m². 
 
arc tank
(0.51 m³) exhaust tank
  (1.275 m³)
pressure transducer
 
 
Fig. 6.3: Arc tank connected with an exhaust tank via a short tube (arrangement 2) 
 
A single-phase arc test with a current of 12.5 kA and 1 s duration (6.7 MJ) was ig-
nited in between two horizontal busbars with a gap of 7.62 cm. Arc current, volt-
age, and pressure in both tanks are measured. 
 
6.1.3 Arrangement 3 
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Fig. 6.4: Layout of the SF6-insulated switchgear installation consisting of six switchboards 
with a pressure relief duct on the top (arrangement 3) 
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A MV switchgear installation consisting of six switchboards has been tested in a 
high power test laboratory. On top of the switchgear assembly, a pressure relief 
duct is installed with an arc energy absorber (cooling grids) as shown in Fig. 6.4 in 
order to limit overpressure in the installation room. The three-phase arc is ignited 
in a busbar compartment with an effective volume of 0.27 m³. The busbar com-
partment is filled with SF6 at 1.2 bar (absolute). After the response of the rupture 
disc with a diameter of 250 mm at a pressure of 2.2 bar (1 bar overpressure), hot 
SF6 exhausts into the relief duct and finally through cooling grids into the envi-
ronment. 
 
The measured arc power and energy developments of the three-phase fault (36 kA, 
1.1 s) are given in Fig. 6.5. 
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Fig. 6.5: Measured arc power and energy during a three-phase fault of 36 kA and about 
1.1 s duration in the busbar compartment of arrangement 3 
 
For the pressure calculation, the cooling grids are considered as a concentrated 
opening of 0.07 m² area. 
 
6.1.4 Arrangement 4 
In order to investigate the effects of arc energy absorbers, the test arrangement in 
Fig. 6.6 has been used [Wah07]. 
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Fig. 6.6: Layout of test arrangement 4 
 
It consists of an arc room of 0.1 m³ (W x L x H = 0.50 m x 0.50 m x 0.40 m) and 
two relief rooms each with a volume of 0.05 m³ (0.50 m x 0.34 m x 0.34 m). The 
gas inside is air at atmospheric pressure. The arc room is connected to the adjacent 
relief room 1 via a 108 mm diameter rupture disc, which opens at an overpressure 
of 1.2 bar. The arc absorber is installed in between relief room 1 and 2 (Fig. 6.6). 
 
A test has been carried out with a single-phase short-circuit current of 3.8 kA and 
200 ms duration. The arc voltage was about 300 V resulting in an arc energy of 
178 kJ. The pressure developments have been detected in the arc and both relief 
rooms. The gas temperature in front of and behind the absorber as well as the ab-
sorber temperature is measured by sensitive thermocouples [Wah07], the gas flow 
velocity before and behind the absorber with Prandtl tubes (Fig. 6.6). 
 
Details of the arc absorber under consideration are provided in Fig. 6.7. 
 
s
1
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s2 = 9.85 mm
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 1.0 mm 
 
 
 
 
Fig. 6.7: Constructional details of a three-layer arc absorber (see section 3.2.2 and 3.2.3) 
(c) opening of a hole in the 
grid (front view) 
(b) cross-section 
of a grid bar 
(a) arrangement of the ab-
sorber layers (side view) 
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The parameters of the arc absorber required for pressure calculation: 
Number of absorber layers:      3 
Mass:          2.12 kg 
Effective free opening area (from all three layers):   0.05 m² 
Effective surface area:       0.30 m² 
Specific heat capacity:       480 J/(kg⋅K) 
Thermal conductivity:       57 W/(m⋅K) 
Transverse pitch ratio a: (see section 3.2.2 and 3.2.3)  3.727 
Longitudinal pitch ratio b: (see section 3.2.2 and 3.2.3)  7.083 
Thermal efficiency ηT: (see section 3.2.2)    48.9% 
Grid efficiency ηG: (see section 3.2.2)    5% 
 
6.1.5 Arrangement 5 
Arrangement 5 has been intended to investigate different types of absorber grids 
[Schm06/2]. It consists of a quad-flange vessel (∅ = 346 mm) with an attached 
tube of 1.565 m length and an embedded 0.704 m Teflon duct (∅ = 346 mm), in 
which a cooling grid with elliptic shaped holes was installed for the test under con-
sideration (Fig. 6.8). The volume of the quad-flange and the attached tube is 
0.071 and 0.147 m³, respectively. The cross section of the Teflon duct is 150 mm x 
150 mm. The gas inside the arrangement is air at atmospheric pressure. 
 
p1 p2
548 mm 1565 mm
704 mm
thermocouple
cooling grid with ellipse shaped holes
quad-flange vessel (∅ = 346 mm)
tube (∅ = 346 mm)
 
 
Fig. 6.8: Sketch of the quad-flange with attached tube (arrangement 5) 
 
Within this arrangement, two tests have been performed with an half period of a 
sinusoidal current of about 8 kA peak and a duration of 100 ms, one with the ab-
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sorber installed near the inlet and another one near the outlet of the Teflon duct. 
The arc energy was 80 kJ for both tests. The pressure is measured in the arrange-
ment at the locations p1 and p2 given in Fig. 6.8, the absorber temperature by sensi-
tive thermocouples. 
 
The cooling grid is characterized by: 
Mass of the grid:        0.225 kg 
Effective free opening area:      0.003 m² 
Effective surface area:       0.020 m² 
Specific heat capacity:       480 J/(kg⋅K) 
Thermal conductivity:       57 W/(m⋅K) 
Transverse pitch ratio a: (see section 3.2.2 and 3.2.3)  1.83 
Longitudinal pitch ratio b: (see section 3.2.2 and 3.2.3)  1.00 
Grid efficiency ηG: (depending on the grid location)  4 and 2.5% 
 
In the calculation, a constant kp-factor is applied (closed system, no density 
change). 
 
6.1.6 Arrangement 6 
This arrangement is a compact MV switchgear installation. It consists of a switch-
gear, relief, and transformer room. Details of the transformer room apart from its 
effective volume and the size of the opening are not available [Wah07]. In Fig. 6.9 
the arrangement is schematically depicted with the values of the effective volumes. 
 
The switchgear consists of a switch compartment and a duct. The pressure relief 
device in the switch compartment (SC) consists of two circular rupture discs of 
108 mm diameter, which open at an overpressure of 2.5 bar. Hot gas exhausts then 
through the duct located under rupture discs into the relief room (RR). From there, 
it flows through a five-layer arc energy absorber with a cross-sectional area of 
0.30 m² (0.65 m x 0.46 m; three parallel grids and two folded ones in between) into 
the transformer room (TR) and then into the environment via the door with an ef-
fective ventilation opening of 0.3 m². Three pressure sensors are installed, one in 
the switch compartment, and the further ones in the relief and transformer room. 
The gas temperature in front of and behind the absorber is measured with sensitive 
thermocouples.  
 
Apart from the number of layers of the absorber, its mass, effective free opening 
area, surface area and grid efficiency, all parameters are the same as described for 
arrangement 4. The mass of the absorber is 7.2 kg, the effective free opening area 
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0.1 m², and the surface area 1.58 m². The grid efficiency ηG is 4%, which has been 
determined experimentally. The absorber is located far from the heat source com-
pared to arrangement 4. 
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Fig. 6.9: Schematic arrangement of the compact MV switchgear installation with effective 
volumes (SC: switch compartment, RR: relief room, TR: transformer room; ar-
rangement 6) 
 
Two tests have been carried out, one with air in the switch compartment and an-
other with SF6. 
 
During the air test, an arc of 12.7 kA and duration of 0.76 s (three-phase short cir-
cuit) is ignited between copper electrodes in the switch compartment at atmos-
pheric pressure. The effective volume of the switch compartment is 0.2 m³. 
 
The SF6 test was performed in nearly the same switchboard, however, with another 
effective volume of the switch compartment (0.3 m³). Its filling pressure is 1.3 bar. 
This test was performed without transformer room. The grid efficiency ηG was 2%, 
the arc current 16 kA (three-phase short circuit) and its duration 1 s. 
 
The arc energy for the air and SF6 test is similar (about 10 MJ). In Fig. 6.10 the arc 
power is given for both tests. 
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Fig. 6.10: Arc power developments determined by measured arc voltages and currents of the 
tests with arrangement 6 
 
6.2 CFD Calculation Method 
In this section, pressure calculations using the CFD method are compared with re-
sults of test in SF6 and air (with respect to arc energy absorbers) in arrangements 
mentioned in the previous section. 
 
6.2.1 SF6-Air Mixtures 
 
I. Arrangement 1 
For the test in arrangement 1, the pressure development is measured in the SF6-
insulated arc room A and air-insulated relief room B at the locations given in  
Fig. 6.1. The corresponding calculations with the CFD method are presented for 
different gas data: with and without particle interactions and chemical reactions 
(section 3.1.2 and 3.1.1, respectively). Additionally, a 10% copper vapour con-
tamination (mass fraction) has been considered (section 3.1.6). 
 
The results are provided in Fig. 6.11 and 6.12 for room A and B, respectively. 
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Fig. 6.11: Measured and calculated pressure developments within room A (calculations with 
different gas data sets described in sections 3.1.2, 3.1.1 and 3.1.6; arrangement 1; 
20 kA, 300 ms)
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Fig. 6.12: Measured and calculated pressure developments within room B (calculations with 
three different gas data sets described in sections 3.1.2, 3.1.1 and 3.1.6; arrange-
ment 1; 20 kA, 300 ms) 
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The pressure development in room A is characterised by a pressure pulse with suc-
ceeding slow pressure rise. The pulse results from the steep energy input within 
room A and the sudden energy loss due to gas flow through the rupture disc into 
room B after its opening. The further slow increase is due to the continuous energy 
input by the arc. 
 
In room A, the measured and calculated pressure peak is in rather good agreement 
(within about 10%). With a contamination, the agreement is improved. The pres-
sure curves with and without interactions and chemical reactions are nearly identi-
cal. 
 
In room B, there is a good agreement between measured and calculated pressure 
values as well. The influence of the different sets of gas data on pressure in room B 
is marginal. This is due to the fact that the mean gas temperature in B remains be-
low the dissociation temperature. If the energy density (gas temperature) increases, 
differences in the pressure development appear (appendix F). 
 
II. Arrangement 3 
In arrangement 3, a MV switchgear installation with an attached pressure relief 
duct, the pressure has been measured and calculated at the locations p1 and p2  
(Fig. 6.13). The arc is ignited in SF6. The flow resistance of the cooling grids  
(Fig. 6.4) is simulated by a concentrated opening. The results are provided in  
Fig. 6.14. The pressure developments are in good agreement. The results for the 
further points indicated in Fig. 6.13 are discussed in section 6.3.1. 
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Fig. 6.13: Cross section of the pressure relief duct (arrangement 3) with measuring points p1 
and p2 and further locations at which the pressure is calculated 
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Fig. 6.14: Calculated and measured pressure developments at the locations of pressure sen-
sors p1 and p2 (arrangement 3; 36 kA, 1.1 s) 
 
6.2.2 Arc Energy Absorbers 
 
I. Arrangement 4 
The performance of arc energy absorbers has been investigated in test arrange-
ment 4 (Fig. 6.6). In order to evaluate the model approaches for heat absorption 
and flow resistance, first of all, both effects are considered separately. In a second 
step, some combinations are treated. 
 
Heat energy absorption 
Because heat absorption has a direct influence on gas temperature especially be-
hind the arc absorber, the gas temperature before and behind the absorber are in-
vestigated. In Fig. 6.15 measured and calculated gas temperatures with different 
heat energy absorption models introduced in section 3.2.2 are presented. Calcu-
lated temperatures are mean values averaged over several points in the central area 
of the absorber. The measured ones are averaged as well [Wah07]. 
 
The measured temperature starts to rise later than the calculated ones with different 
slopes and maximum values. This is due to the measurement system (slow re-
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sponse of the thermocouples). The temperature difference between the measured 
ones before and behind the absorber is in maximum approximately 200 K. 
 
The calculated temperature profiles are characterized by a sudden increase after the 
response of the rupture disc, a following decay, afterwards a slower increase up to 
maximum temperature and finally a decay after arc extinction. The first increase 
results from the constricted hot gas stream directly reaching the absorber. The flow 
resistance of the absorber surface induces vortices, which cause a mixing with cold 
gas reducing temperature. After intermixing, the temperature rises again due to 
continuous energy input. 
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Fig. 6.15: Calculated and measured temperature developments before and behind the arc 
energy absorber in flow direction (arrangement 4; 3.8 kA, 200 ms) 
 
While the temperature curves in front of the absorber are nearly identical for all 
models under investigation, they differ behind the absorber. The curves belonging 
to the grid and thermal efficiency model (section 3.2.2), which are based on expe-
riments, are nearly identical. The same is true for the theoretical heat transfer mod-
els for in-line and staggered tube bundles (section 3.2.2). 
 
Due to the temperature measurement system, it is not expected to obtain the same 
values from measurement and calculation. However, the calculation results seem to 
be reasonable, because the maximum temperature difference before and behind the 
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absorber is nearly identical with measurement in the case of the efficiency models. 
These models seem to be superior to the heat transfer models. 
 
Flow resistance 
The flow resistance of absorbers has a direct influence on pressure. In Fig. 6.16, 
the pressure developments in the arc room at the location of the pressure sensor 
calculated with different flow resistance models are presented together with the 
measured one.  
 
Nearly the same results are achieved using the different models. A good agreement 
between measurement and calculation is observed. It should be noted that the gen-
eral shape of the pressure curve in the arc room is more dominated by the compara-
tively small rupture disc than by the absorber. 
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Fig. 6.16: Measured and calculated pressure developments in the arc room of arrangement 4 
applying different flow resistance models (3.8 kA, 200 ms) 
 
In Fig. 6.17 the corresponding pressures in relief room 1 at the location of the pres-
sure sensor are provided. The measured and calculated pressure developments are 
commonly characterized by a sudden increase up to their maxima and a rapid de-
cay down to diminished pressures. Afterwards, the pressure increases again and 
approaches ambient one with different slopes. 
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Fig. 6.17: Measured and calculated pressure developments with different flow resistance 
models in relief room 1 of arrangement 4 
 
The first peak is most important. Here a good agreement between measurement 
and calculation is observed. This peak is caused by the gas flow entering relief 
room 1. The following pressure drop results from a suction effect at the location of 
the sensor due to the developed gas flow. The different shapes afterwards depend 
on details of the model approaches. 
 
For the determination of the pressure loss due to the absorber, the gas flow velocity 
is important (equation (3.22)). Averaged values over the cross section and thick-
ness of the absorber in the flow domain are used here. 
 
In order to find out if simplifications concerning flow velocity have a remarkable 
influence on the pressure development, a constant flow velocity of 100 m/s and the 
velocity in the centre of the absorber (core velocity) are compared with the aver-
aged values. 
 
In Fig. 6.18 the overpressure developments within the arc room for all cases are 
presented. Simplifications of the assumption for the flow velocity lead to devia-
tions. The best agreement with measurement is reached, if averaged flow velocities 
are considered. 
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Fig. 6.18: Measured and calculated overpressure development in the arc room for different 
assumptions for the gas flow velocity (see text) 
 
 
Heat energy absorption and flow resistance 
For the simultaneous modelling of heat energy absorption and flow resistance the 
number of all possible combinations of model approaches is a too high. 
 
With respect to reliability of the expected results and simple applicability, two 
model combinations are chosen, (1) the grid efficiency one together with the effec-
tive opening model and (2) the combination of in-line tube bundle for the heat 
transfer and the crossed in-line tube bundle model for the pressure loss. 
 
In Fig. 6.19 and 6.20, the measured and calculated overpressure developments in 
the arc and relief room, respectively, with the above mentioned combinations are 
shown. 
 
The calculation results in Fig. 6.19 are in good agreement with measurement. The 
calculated overpressure developments are nearly identical due to the relatively low 
influence of the absorber on pressure rise in this room. In relief room 1, the calcu-
lated first pressure peak is also in reasonable agreement with measurement  
(Fig. 6.20). 
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Fig. 6.19: Measured and calculated overpressure developments in the arc room using the 
model combinations 1 and 2 to describe heat absorption and flow resistance of the 
absorber (arrangement 4; 3.8 kA, 200 ms) 
 
75 100 125 150 175 200
0.90
0.95
1.00
1.05
1.10
 model combination 1
 model combination 2
 measurement
Pr
es
su
re
 (b
ar)
Time (ms)
 
 
Fig. 6.20: Measured and calculated pressure developments in relief room 1 using the model 
combinations 1 and 2 to describe heat absorption and flow resistance of the ab-
sorber (arrangement 4) 
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Fig. 6.21: Distribution of the total pressure in arrangement 4 at certain points in time right 
after the opening of the rupture disc (model combination 2) 
absorber 
absorber 
absorber 
absorber 
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In Fig. 6.21, the pressure distribution in arrangement 4 at certain time steps after 
the opening of the rupture disc (t = 73 ms) is presented. The pressure is calculated 
applying the second combination of model approaches. The total pressure is high 
in the region of the exhaust flow in relief room 1 and 2 due to the dynamic pres-
sure. 
 
II. Arrangement 5 
The influence of the absorber on pressure rise is investigated in test arrangement 5 
(Fig. 6.8) as well. For this purpose, first of all, the temperature rise of the absorber 
is calculated with model combination 2 (in-line and crossed in-line tube bundles) 
and compared with measurement (Fig. 6.22). 
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Fig. 6.22: Measured and calculated absorber temperature with model combination 2 (absor-
ber location: near entry of duct; arrangement 5; 8 kA peak, 100 ms) 
 
The calculated (as well as measured) absorber temperature rises even after arc ex-
tinction (at t = 100 ms) due to an ongoing gas flow. The final temperature ap-
proaches the measured one. The measured rate of temperature rise is much slower 
than the calculated one. This is due to the slow response of thermocouples. 
 
The calculated overpressure developments with and without absorber are shown in 
Fig. 6.23 together with measured ones (with absorber). Without the absorber, the 
76 6 Validation 
overpressure in the quad-flange and the connected tube is nearly identical. If the 
cooling grid is taken into account, model combination 1 (grid efficiency and effec-
tive opening model) leads to a slightly higher overpressure in the quad-flange (p1) 
compared with measurement. This is due to the flow resistance of the concentrated 
opening, which is not identical with that of the absorber. In tendency, the flow re-
sistance of a grid is smaller than that of an orifice with the same size of the free 
opening due to the smaller thickness of boundary layers of strong turbulent flows 
[Sas61, Schm06/1]. In the tube (p2), a good agreement is observed. A better 
agreement with measurement is reached with model combination 2. 
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Fig. 6.23: Measured and calculated overpressure developments in the quad-flange (p1) and 
attached tube (p2) without modelling the absorber and with different model ap-
proaches to model the absorber (absorber near the entry of the Teflon duct; ar-
rangement 5; 8 kA peak, 100 ms) 
 
In addition, the calculated and measured overpressure developments at p1 and p2 
are shown in Fig. 6.24 with the absorber installed near the exit of the Teflon duct. 
In this figure the turbulence grid approach (section 3.2.3) for considering the flow 
resistance is applied, while the heat transfer is modeled with the in-line tube bundle 
approach (model combination 3). A rather good agreement between calculation 
and measurement is reached. The measured pressure decrease after arc extinction 
(at about 100 ms) results from heat conduction through walls, which is not consid-
ered in the calculations. 
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Fig. 6.24: Measured and calculated overpressure developments in the quad-flange (p1) and 
attached tube (p2) with model combination 3 (absorber near the exit of the Teflon 
duct; arrangement 5; 8 kA peak, 100 ms) 
 
 
 
III. Arrangement 6 
Arrangement 6 consists of a compact MV switchgear installation with absorber 
(Fig. 6.9). Calculations are performed with model combination 2 (in-line and 
crossed in-line tube bundles). 
 
First of all, measured and calculated gas temperatures are compared. In Fig. 6.25 
and 6.26 the temperature developments in front of and behind the midst of the ab-
sorber are depicted for an air- and SF6-insulated switch compartment, respectively. 
The agreements are much better than the results to arrangement 4. This is due to 
the more effective heat transfer to the sensor resulting in a faster response. In the 
case of SF6 insulation, the pressure rise is delayed due to a later response of the 
rupture discs (higher heat capacity of SF6). 
 
p1 p2 
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Fig. 6.25: Measured and calculated gas temperatures before and behind the absorber with 
model combination 2 (air test; arrangement 6; 12.7 kA, 0.76 s) 
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Fig. 6.26: Measured and calculated gas temperatures before and behind the absorber with 
model combination 2 (SF6 test; arrangement 6; 16 kA, 1 s) 
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In Fig. 6.27 the measured and calculated pressure developments in the switch 
compartment and relief room (in front of the absorber) are shown. In this case, the 
switch compartment was air-insulated. 
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Fig. 6.27: Measured and calculated pressure developments in the switch compartment and 
relief room with model combination 2 (air test; arrangement 6) 
 
In the switch compartment, a good agreement between calculation and measure-
ment is given. After the rupture discs opens, the pressure immediately decays and a 
pressure increase in the relief room is observed. The difference of the pressure 
maximum is only 4.2%. 
 
The corresponding pressure developments in the transformer room are depicted in 
Fig. 6.28. A good agreement of the pressure pulse is obtained as well. 
 
The pressure developments in the relief room of arrangement 6 (without transfor-
mer room) and behind the absorber (environment) for an SF6 test are given in  
Fig. 6.29. The maximum pressures in front of and behind the absorber are in good 
agreement. 
80 6 Validation 
0 100 200 300 400
1.00
1.01
1.02
1.03
1.04
 calculation
 measurement
Pr
es
su
re
 (b
a
r)
Time (ms)
 
 
Fig. 6.28: Measured and calculated pressure developments in the transformer room with 
model combination 2 (air test; arrangement 6) 
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Fig. 6.29: Measured and calculated pressure developments in the relief room and behind the 
absorber with model combination 2 (SF6 test; arrangement 6; 16 kA, 1 s) 
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6.2.3 Validation Results 
The tests described in the previous sections and corresponding CFD calculations 
cover a broad range of volumes and energies (from 80 kJ to 25 MJ) typical for MV 
switchgear installations including SF6-insulated arc rooms and arc energy absorb-
ers. 
 
Regarding SF6-insulated switchgear, it is proved that the approach to model SF6 
gas flows in surrounding air with changing mixing ratio (section 4.2) leads to reli-
able results. In this context, the gas data of mixtures are of importance. They can 
be derived simply from mixing laws or by consideration of particle interactions 
including chemical reactions. As long as the gas temperature of mixtures is below 
dissociation temperature, mixing laws can be applied. If, however, the dissociation 
temperature is exceeded which occurs e.g. in small compartments at high energy 
density, particle interactions have to be taken into account. Hence, real gas proper-
ties of mixtures including interactions and chemical reactions should be used to 
cover a wide range of applications. The change in gas data by a contamination of 
the insulating gas by copper vapour has nearly no influence on pressure behaviour. 
 
Concerning arc energy absorbers, several approaches for heat absorption and flow 
resistance are available. 
 
For heat absorption, the efficiency models are advantageous as long as efficiency 
values are available. These values may result from direct measurements or from 
fitting calculated pressure developments to measured ones. If such data are not 
available, heat transfer can be determined theoretically with the heat transfer mod-
els. In tendency, the efficiency models results in better agreement with measure-
ment than the heat transfer models. 
 
For the flow resistance, the effective opening approach and some pressure loss 
models (tube bundles) have been investigated. In tendency, the results with the last 
group are slightly superior to the effective opening model. 
 
For reasons of applicability, two combinations of model approaches have been 
chosen: 
(1) the grid efficiency model for heat absorption and an effective opening 
for flow resistance 
(2) the in-line tube bundle model for heat transfer and crossed in-line tube 
bundles for flow resistance 
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The first combination is chosen because the grid efficiency model is easier to han-
dle than the thermal efficiency one yielding comparable results for the heat trans-
fer. The effective opening approach for the flow resistance is the simplest one de-
livering reasonable results. 
 
The second combination is of advantage, where measurement data are not avail-
able for the absorber under investigation. In this case, the in-line tube bundle 
model is used to determine the heat transfer (similar results to staggered one). For 
the flow resistance, a more sophisticated approach than the effective opening 
model is chosen namely, the crossed in-line tube bundle approach, because of bet-
ter agreement with measurement results. 
 
Both combinations lead to good agreement between calculation and measurement. 
 
6.3 Improved Standard Calculation Method 
In this section pressure calculation results with the improved standard calculation 
(ISC) method are compared with measured ones and with those calculated by the 
CFD method. The calculations are performed applying model combination 1 for 
the ISC method and either model combination 1 or 2 for the CFD method. 
 
6.3.1 SF6-Air Mixtures 
 
I. Arrangement 2 
The pressure rise in the arc and exhaust tank of arrangement 2 (Fig. 6.3) is calcu-
lated with the ISC method and compared with measurement and calculations using 
the CFD method. The test is performed in SF6. 
 
The effective opening of the pressure relief device is determined by the discharge 
coefficient α in the ISC method. α is known for air as fluid depending on the shape 
of the orifice, however, not for SF6. As the boundary layers in SF6 are different 
from those in air, α has to be adapted (enlarged) [Ana08] using the following rela-
tion [Boh08]: 
 
Re
const1~ −α
 
(6.1) 
 
In Fig. 6.30, the calculated overpressure developments in the arc and exhaust tank 
at the locations of the pressure transducers are shown and compared with measured 
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ones. The curves are in good agreement. The slight difference in the rate of pres-
sure rise in the arc tank may result from a contamination of SF6 by air. The calcu-
lated pressure developments in the arc tank with both methods are almost identical. 
The delay in the calculated pressure rise in the exhaust tank is due to the retarded 
response of the rupture disc. 
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Fig. 6.30: Calculated and measured pressure developments in the arc and exhaust tank, the 
vertical bars indicate the time at which the rupture disc opens (SF6 test; arrange-
ment 2; 12.5 kA, 1 s) 
 
Although the ISC method delivers spatially averaged values, the agreement with 
results from the CFD method is relatively good within the exhaust tank (less than 
10% deviation in maximum). In tendency, the ISC method yields slightly higher 
pressure values. 
 
II. Arrangement 3 
In arrangement 3 (relief duct on a MV switchgear installation, Fig. 6.13), pressure 
developments in the SF6-insulated busbar compartment and within the relief duct 
with an absorber at its exit are calculated and compared with results obtained with 
the CFD calculation method and measurement. The results are shown in Fig. 6.31. 
Measurement and calculation are in good agreement for both locations of the pres-
sure sensors. The pressures calculated with the ISC method are slightly higher than 
those calculated with the CFD method. 
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Fig. 6.31: Calculated and measured pressure developments at the locations of pressure sen-
sors p1 and p2 (busbar compartment and relief duct of arrangement 3; 36 kA, 1.1 s) 
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Fig. 6.32: Comparison of pressure developments at different points in the pressure relief 
duct calculated with the CFD and ISC method (arrangement 3) 
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Fig. 6.33: Distribution of the total pressure distribution in the busbar compartment and relief 
duct at different arcing times (arrangement 3) 
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As the ISC method does not provide spatially resolved but averaged results, the 
question is whether the determined mean pressure within the duct is representative 
for all parts of it. For this purpose, the pressures at all locations indicated in  
Fig. 6.13 have been calculated with the CFD method (Fig. 6.32 and 6.33). The 
curves in Fig. 6.32 show that the results of the ISC method are representative for 
nearly all locations within the duct except for the region opposite to the rupture 
disc. Here (pressure point 2) the pressure is influenced by the gas flow (dynamic 
pressure). 
 
6.3.2 Arc Energy Absorbers 
 
I. Arrangement 5 
In arrangement 5 (a quad-flange with attached tube, Fig. 6.8) two tests in air have 
been investigated with the absorber installed near the entry and exit of the Teflon 
duct, respectively. 
 
 
 
Fig. 6.34: Measured and calculated overpressure developments in the quad-flange (p1) and 
attached tube (p2) with the absorber at the entry of the duct using the CFD and 
ISC method with two different discharge coefficients (arrangement 5; 8 kA peak, 
100 ms) 
 
The results of measurement and calculation (with model combination 1) at the sen-
sor locations p1 and p2 are given in Fig. 6.34 and 6.35 for both locations of the ab-
p1 
p2 
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sorber in the duct. Measured grid efficiencies are used. The difference between the 
pressure values at both sensor locations is less than 10%. 
 
The flow resistance of absorbers depends on their construction e.g. shape of open-
ings and number of layers. Hence, it is necessary to determine the discharge coeffi-
cient α by fitting calculated to measured pressure values (section 3.2.3). α has 
been found to be 0.9 (ISC method). The default value for circular openings is 0.7. 
Even with this value the agreement between measurement and calculation is rather 
good. 
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Fig. 6.35: Measured and calculated overpressure developments in the quad-flange (p1) and 
attached tube (p2) with the absorber at the exit of the duct using the ISC method 
(arrangement 5, 8 kA peak, 100 ms; α = 0.9) 
 
The farther the absorber is from the heat source, the lower the grid efficiency 
[Schm06/1, Ana09]. 
 
 
II. Arrangement 6 
Arrangement 6 consists of a compact MV switchgear installation with absorber 
and an air- as well as SF6-insulated switch compartment. The results from the ISC 
method (model combination 1) are compared with measurements and calculation 
results with the CFD method (model combination 2). 
p1 
p2 
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The pressure developments in the switch compartment, relief and transformer room 
(air test) are shown in Fig. 6.36 and 6.37. Within the switch compartment and re-
lief room, the calculated overpressure with the ISC method agrees quite well with 
measurement and with those from the CFD method. 
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Fig. 6.36: Measured and calculated pressure developments in the switch compartment and 
relief room of arrangement 6 (with absorber) using the ISC and CFD method (air 
test; 12.7 kA, 0.76 s, α = 0.7) 
 
Within the transformer room (Fig. 6.37), the pressure shape calculated with the 
ISC method differs from the measured and calculated one with the CFD method. 
While the measured pressure pulse matches quite well with that calculated by the 
CFD method, the maximum overpressure resulting from the ISC method is about 
20% lower and the pulse width is wider. These deviations may be caused by the 
dimensions of the transformer room. It has a large opening to the environment 
(0.3 m²) compared to its effective volume (3 m³). In the ISC method, it is assumed 
that openings are small so that the average gas velocity within the room is negligi-
ble. 
 
In Fig. 6.38 the measured and calculated pressure developments in the relief room 
for an SF6 test are depicted. While the measured and calculated curves with the 
CFD method are practically identical, the maximum pressure calculated with the 
ISC method is about 15% lower. 
6.3 Improved Standard Calculation Method 89 
0 100 200 300 400
1.00
1.01
1.02
1.03
1.04
 ISC method
 CFD method
 measurement
Pr
es
su
re
 
(ba
r)
Time (ms)
 
 
Fig. 6.37: Measured and calculated pressure developments in the transformer room of ar-
rangement 6 using the ISC and CFD method (air test; α = 0.7) 
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Fig. 6.38: Measured and calculated pressure developments in the relief room of arrange-
ment 6 without transformer room using the ISC and CFD method (SF6 test; 16 kA, 
1 s; α = 0.8) 
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6.3.3 Validation Results 
From the investigations in the previous sections it follows that the calculation re-
sults with the ISC method are generally in good agreement with measurement and 
those obtained with the CFD method. 
 
This is especially true if SF6-air mixtures are included in the calculations (section 
6.3.1). In this case, the results with the ISC method yield slightly higher overpres-
sures than with the CFD method. It has been found out that the ISC method can 
even be used to calculate overpressure in pressure relief ducts with absorber at 
their exit. Almost all local pressure values are close to the average one from the 
ISC method except for the locations directly opposite to the exhaust gas flow from 
the rupture disc. At these locations, the pressure value is strongly influenced by the 
gas flows. 
 
With respect to arc energy absorbers, the approach to model flow resistance by an 
effective opening and heat absorption by the grid efficiency has proved to be suc-
cessful (section 6.3.2). The effective opening is determined by the discharge coef-
ficient α. Due to the different types and structures of absorbers, α should be de-
termined by fitting calculated to measured pressure developments in the room be-
fore the absorber. If measuring data are not available, default values for circular 
openings may be used leading to satisfactory results. The grid efficiency can be 
determined directly by temperature measurement or by fitting calculated pressure 
developments in rooms behind the absorber to measured ones. 
 
In general, the ISC method provides reliable results as long as pressure waves and 
gas flows do not dominate the pressure value, e.g. in non-elongated (cubic) rooms 
and in the situation when the size of the opening is not large with respect to the 
room volume. 
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7 Conclusions 
Nowadays, SF6-insulated switchgear and arc energy absorbers are increasingly as-
sembled in compact electrical installations, e.g. if space is limited, or for upgrading 
existing installations. In this context, switchgear are of special interest. In case of 
internal arcs not only the switchgear but also the switchgear building may be en-
dangered by overpressure. For the determination or prediction of the pressure 
stress in installations and surrounding buildings, two calculation methods are in-
troduced, which have been proved to be necessary for practical applications. The 
first one is the “CFD calculation method”, which enables detailed spatially re-
solved calculations including all relevant pressure effects. The second one is the 
“standard calculation method”, which provides spatially averaged results and re-
quires less computational efforts. 
 
In the past, existing methods were not able to consider SF6-air mixtures and the 
effect of absorbers except for some special applications with severe limitations. A 
systematic treatment of mixtures and absorbers did not exist. The main results of 
this thesis are modelling and integration of SF6-air mixtures and the effect of arc 
energy absorbers in both pressure calculation methods in a reliably way so that 
they can be used for a wide range of applications. 
 
SF6-air mixtures 
The key point for modelling SF6-air mixtures is the consideration of the gas prop-
erties with changing mixing ratio during the exhaust of SF6 into surrounding air. 
For this purpose, the gas composition (mass fraction) must be considered during 
the calculation. Different approaches are followed depending on the calculation 
method. In the CFD method, a conservation equation of mass fraction is intro-
duced. In the standard calculation method, the mass fraction is directly included in 
the equation system. 
 
Regarding gas data, it is important to use real gas data depending on temperature 
and pressure so that effects such as dissociation, ionisation and intermolecular 
forces are included in the calculation. For mixtures, a simple way to obtain gas 
data is to apply mixing laws using real gas data of their components. However, by 
this means, interactions and chemical reactions between SF6 and air components 
are not considered. In order to include these effects, the gas data of mixtures 
(thermodynamic and transport properties) have to be determined by minimizing 
Gibbs free energy and by solving the Boltzmann equation, respectively. It has been 
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found out that it is of advantage for a broad range of applications to use the gas 
properties determined by this approach. 
 
The generation of these gas data is normally time consuming. To overcome this 
problem, it is advantageous to calculate the gas data of the mixtures once in ad-
vance and provide them in three-dimensional tables. With proper interpolation pro-
cedures, computing time becomes reasonable. 
 
The change of gas data by a contamination of gas mixtures with vaporized elec-
trode material (copper) has been found to have a negligible effect on pressure de-
velopment. 
 
The integration of SF6-air mixtures in both calculation methods in the way de-
scribed above leads to reliable calculation results. 
 
Arc energy absorbers 
Arc energy absorbers in electrical installations influence overpressure by heat ab-
sorption and flow resistance. 
 
For the description of heat absorption, existing approaches have been evaluated 
and improved. These are: 
(i) the grid efficiency model 
(ii) the thermal efficiency model 
(iii) the heat transfer model 
 
The first two are in general based on absorber and gas temperature measurements, 
respectively, which determine the grid and thermal efficiency. Alternatively, these 
values can be obtained by fitting calculated overpressure developments behind the 
absorber to measured ones. Both approaches yield comparable results. 
 
If measuring data are not available, the third approach is applicable, which pro-
vides the absorbed energy in analogy with the heat absorption of in-line and stag-
gered tube bundles. 
 
The implementation of these models into both pressure calculation methods is ac-
complished by considering heat sink at the location of the absorber. 
 
For the description of the flow resistance, existing approaches are evaluated and 
improved. In addition new ones are applied. The simplest approach is the effective 
opening model. The absorber is replaced by an opening with the same area as the 
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free opening of the actual absorber. In the standard calculation method, the flow 
resistance of the absorber is simulated by an effective opening smaller than the free 
opening i.e. by introducing a discharge coefficient. In the CFD method, the effec-
tive opening is estimated by the consideration of turbulence. 
 
The more sophisticated approaches are based on the determination of the pressure 
loss coefficient of different kinds of tube bundles and turbulence grids. With these 
approaches, reliable results are obtained (CFD method). This is especially true for 
the crossed tube bundle model. The pressure loss is included in the momentum 
conservation equation in terms of friction forces. 
 
In order to consider heat absorption and flow resistance simultaneously, a combi-
nation of the corresponding approaches is required. Due to applicability reasons, 
two model combinations are of advantage leading to reliable results. The first one 
is the combination of the grid efficiency and effective opening model, which is 
suitable for cases, where measuring data are available. The second one is the in-
line in combination with the crossed in-line tube bundle model, which is applica-
ble, when experimental data do not exist. 
 
Improved standard calculation (ISC) method 
An improved software package based on the standard calculation method is devel-
oped. It is based on the standard calculation method, which is able to determine 
pressure in the presence of SF6-air mixtures and arc energy absorbers (improved 
standard calculation (ISC) method). With this software package, any number of 
rooms and openings can be considered. 
 
The flow resistance of absorbers is here modelled by an effective opening. Due to 
different types and structures of absorbers, their effective openings differ. Instead 
of using default values for the discharge coefficient α, the pressure values are more 
exact, if α is determined by fitting calculated pressure developments to measured 
ones. 
 
It has been shown that the ISC method provides reliable averaged results most 
suitable for general applications. The accuracy of the results is limited, if pressure 
waves and gas flows have a considerable influence on pressure values. 
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9 Appendixes 
 
A: Fundamentals of the k-ε Model 
The standard k-ε model is based on a decomposition of the flow velocity in mean 
and fluctuating components, which are introduced in the conservation equations. 
 
In the continuity equation, the flow velocity is replaced by the mean flow velocity. 
Otherwise, the equation remains unchanged. In the momentum and energy equa-
tion, additional terms occur, the Reynolds stress term and the Reynolds flux term, 
respectively [Moh94]. The Reynolds stress term contains the turbulent viscosity ηt 
and the Reynolds flux term the turbulent thermal conductivity λt: 
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Cμ and σH are model constants. With this model, two additional conservation equa-
tions for the turbulent kinetic energy k and the dissipation rate ε are established 
[Moh94]: 
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σk and σε are the Prandtl numbers of k and ε, P and G the source terms caused by 
surface forces and body forces, respectively. C1 and C2 are model constants. Equa-
tion (9.3) and (9.4) can also be written in the general form (equation (2.22)). These 
two additional conservation equations are linked to the other conservation equa-
tions by the turbulent viscosity ηt and turbulent thermal conductivity λt, respec-
tively. The model constants resulting from a wide range of studies of free turbulent 
flows are given in Table 9.1[Rod80]. 
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Cμ C1 C2 σk σε σH 
0.09 1.44 1.92 1.0 1.3 0.9 
 
Table 9.1: Model constants of the standard k-ε model [Rod80] 
 
The k-ε model is a model approach for high Reynolds numbers, i.e. for regions, 
where the eddy viscosity is much larger than the molecular viscosity. It is not in-
tended to be used in the near-wall regions, where viscous effects dominate the tur-
bulent ones in general. There are two methods of accounting for these regions, the 
“wall-function method” and the “Low-Reynolds number model” [Lau74]. In the 
standard k-ε model, the wall-function method is normally used, which yields 
shorter computing time and needs smaller storage space. A disadvantage is that it 
results in less accuracy compared to the Low-Reynolds number model. However, 
for the application of pressure calculation, the wall-function method is accurate 
enough. 
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B: Heat Transfer Coefficient of Parallel Tube Bundles 
The heat transfer coefficient of tube bundles α* can be derived from the Nusselt 
number Nu: 
 
L
Nu* λα ⋅=
 
(9.5) 
 
with λ the thermal conductivity of the gas and L a characteristic length, which is 
e.g. equal to π⋅d/2 for cylinder tubes (d is the tube diameter) and w+h for rectangle 
tubes with the width w and height h. 
 
Nu for a tube bundle consisting of NA absorber layers is determined by [VDI98]: 
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fAF is an arrangement factor, which depends on the arrangement of the tubes (in-
line, staggered, Fig. 3.10). K is a factor considering temperature dependence of gas 
properties, which is defined in [VDI98]: 
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Tm and TA are the mean gas temperature and the absorber temperature, respectively. 
k is zero, if a hot gas flow is cooled by a tube bundle, i.e. K = 1. 
 
 ( ) 2turb2lam0,L NuNu3.0Nu ++=  (9.8) 
 
with the laminar Nusselt number Nulam: 
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and the turbulent Nusselt number Nuturb: 
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Reψ is the Reynolds number with the characteristic velocity in the free volume vψ: 
 
 η
ρ ψ
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(10 < Reψ < 106) (9.11) 
 
Pr is the Prandtl number: 
 
 
λ
η pcPr
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(0.6 < Pr < 10³) (9.12) 
 
The arrangement factor fAF of equation (9.6) in case of in-line and staggered tube 
bundle is [VDI98]: 
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staggered: 
b3
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The characteristic velocity in the free volume vψ is determined from the gas flow 
velocity in front of the tube bundle or absorber v0 and from the void ratio ψ, which 
is defined as ratio of free volume Vfree to the total volume V = Vfree + Vsolid of a tube 
bundle unit (Fig. 9.1) [Wag04]: 
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a and b are the transverse and longitudinal pitch ratio, respectively. 
 
With the CFD method, spatially averaged values of gas density, SF6 mass fraction, 
pressure, temperature, and flow velocity have to be used. For this purpose, averag-
ing methods in appendix C have been applied to determine the gas properties in-
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cluding the gas temperature and flow velocity in equation (9.5), (9.7), (9.11), 
(9.12) and (9.15). 
 
+
+
+
+
+s1=a·d
Vfree
Vsolid
Vfree Vsolid
s1=a·d
d
s2=b·d
b ≥ 1 b < 1
 
 
Fig. 9.1: Elements of in-line and staggered tube bundles 
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C: Averaging Methods for Modelling Arc Energy Absorbers 
The models approaches used to determine absorbed heat energy and pressure loss 
are non-dimensional. Therefore, the parameters gas density, SF6 mass fraction, 
temperature, and flow velocity must be spatially averaged values. 
 
In the following, the averaging methods are described to receive the mean value 
from those cells representing the absorber in the flow domain (CFD method). 
 
Density: 
The average gas density in the absorber region consisting of n cells with density ρi 
and Vi is determined by: 
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SF6 mass fraction: 
The mean value of the SF6 mass fraction in the absorber region is calculated as fol-
lows: 
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Pressure: 
The mean static pressure at the location of the absorber is required. It is determined 
by averaging the pressure value before and behind the absorber. Since the static 
pressure within the rooms before and behind the absorber is roughly identical, it is 
sufficient to refer to any point in these rooms: 
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(9.19) 
 
Temperature: 
The mean temperature value is obtained by averaging the heat energy content of 
the absorber volume: 
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where Ti is the temperature of each cell i in the considered region, cp,i the specific 
heat depending on pressure, temperature and SF6 mass fraction of each cell. 
 
Velocity: 
The gas flow velocity is a key parameter especially for the pressure loss (quadratic 
dependency). It is not sufficient to obtain the mean value from selective points es-
pecially nearby the core of the gas flow before and behind the absorber. The gas 
flow velocity is obtained by averaging the kinetic energy of the absorber volume: 
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with ui, vi, and wi the x, y and z components of gas flow velocity of each cell in the 
absorber region. 
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D: Pressure Loss Coefficient of Parallel Tube Bundles 
The pressure loss coefficient of tube bundles ξT is expressed in terms of a laminar 
and turbulent component together with correction factors. The correction factors 
consider the influence of temperature dependence of gas properties and the number 
of tube arrays [VDI98]: 
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where ξlam and ξturb are the pressure loss coefficients for isothermal laminar and 
turbulent flows, respectively. fzn,lam is the laminar correction factor for temperature 
dependence of gas properties as well as for the number of tube arrays (absorber 
layers). fz,turb and fn,turb are the turbulent correction factors for temperature depend-
ence of gas properties and for the number of tube arrays (absorber layers), respec-
tively. 
 
The Reynolds number Ree is determined by (see Fig. 3.10 for ve): 
 
 η
ρ dvRe ee
⋅⋅
=
 
(1 < Ree < 3×105) (9.24) 
 
The pressure loss coefficient for laminar flow ξlam is the same for both in-line and 
staggered tube bundles [VDI98]: 
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with a and b the transverse and longitudinal pitch ratio, respectively. 
 
In case of turbulent flow, the pressure loss coefficient ξturb for in-line and staggered 
tube bundles is: 
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in-line: 
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staggered: 
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The correction factors fzn,lam, fz,turb, and fn,turb for both types of tube bundles are: 
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ηA and η are the dynamic viscosities related to the absorber temperature and the 
average gas temperature, respectively. NA is the number of absorber layers. 
 
In equations (9.24), (9.28) and (9.29), spatially averaged values of gas density, SF6 
mass fraction, pressure, temperature, and flow velocity according to appendix C 
are required for pressure calculations with the CFD method. 
 
The equations for the determination of ξT are based on experiments with a number 
of tube arrays NA > 5 [VDI98]. It has been shown that they are also applicable for 
lower numbers of absorber layers NA < 5 [Wah07]. 
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E: Example of Pressure Development in a Cubic and  
Elongate Relief Room 
In order to estimate the influence of pressure waves on overpressure, the pressure 
development in two relief rooms of different shape is compared. The difference 
between both rooms is that one is of cubic shape and another one elongated  
(Fig. 9.2). It is expected that pressure waves in the elongate relief room are more 
pronounced than in the cubic one. 
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(a) cubic relief room    (b) elongate relief room 
 
Fig. 9.2: Sketch of arrangements under investigation 
 
The boundary and initial conditions are similar to those typical for MV switchgear 
installations. The effective volumes of the arc and relief room are 0.2 and 100 m³, 
respectively. The arc room is SF6-insulated with a pressure of 1.5 bar (absolute) 
and equipped with a 110 mm rupture disc, which opens at an overpressure of 1 bar. 
In the relief room is an opening to the surroundings of 0.5 m² (Fig. 9.2). 
 
A three-phase fault arc with 20 kA current and 1 s duration is assumed to occur 
between copper electrodes in the arc room. The arc power and energy develop-
ments corresponding to electrical boundary conditions mentioned above are shown 
in Fig. 9.3. 
 
In order to detect pressure waves, the local pressure developments at certain loca-
tions on three walls (left, front wall and ceiling, Fig. 9.4) are calculated with the 
CFD method. The results are shown in Fig. 9.5 and 9.6 and compared with results 
from the improved standard calculation (ISC) method. 
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Fig. 9.3: Arc power and energy developments in the arc room with short-circuit current of 
20 kA and fault duration of 1 s (Fig. 9.2) 
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Fig. 9.4: Reference points for pressure calculations (CFD method) on walls and the ceiling 
of the relief room 
 
The local overpressures in the cubic relief room deviate in maximum less than 5%. 
No pressure waves are detectable. The results from the ISC method yield slightly 
higher overpressure (section 6.3.3). 
 
The calculated overpressure developments within the elongate relief room are 
given in Fig. 9.6. In contrary to the cubic relief room, a distinct scattering of local 
pressure developments as well as pressure waves are observed. The deviations of 
the maximum overpressure values are up to about 10%. The maximum value re-
sulting from the ISC method is within the scattering range of the results from the 
CFD method. 
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Fig. 9.5: Pressure developments at reference points for pressure calculations on walls and 
the ceiling calculated by the CFD and ISC method (cubic relief room) 
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Fig. 9.6: Pressure developments at reference points for pressure calculations on walls and 
the ceiling calculated with the CFD and ISC method (elongate relief room) 
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In Fig. 9.7 the cutout from a pressure development on the left wall of the elongate 
relief room is presented. Assuming a sound velocity of air of 343 m/s at 293 K and 
considering the round-trip distance between the left and right wall of 23.4 m, a 
propagation time of about 70 ms is obtained, just the cycle period shown in  
Fig. 9.7. 
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Fig. 9.7: Cutout from a pressure development on the left wall of the elongate relief room 
 
As the deviations of the maximum pressure values at the different locations in the 
elongate room are in the order of 10%, the effect of pressure waves is practically 
negligible in this case. 
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F: Overpressures in Small Relief Rooms with High Energy 
Input 
If high energy input in a comparably small relief room causes dissociation, differ-
ent sets of gas data (sections 3.1.2, 3.1.1 and 3.1.6) lead to different pressure de-
velopments. To demonstrate this, an arc energy input of 14 MJ in room A of ar-
rangement 1 with relief room B of 0.5 m³ is considered. In this case the tempera-
ture in room B rises up to 2,250 K, well above the dissociation temperature of SF6. 
The results are presented in Fig. 9.8. 
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Fig. 9.8: Calculated pressure developments at high energy density in room B (14 MJ, 
0.5 m³) using three different gas data sets described in sections 3.1.2, 3.1.1 and 
3.1.6 (CFD method) 
 
If interactions and chemical reactions are not considered the overpressure is in 
maximum about 16% higher than without these effects. The consideration of cop-
per vapour leads only to a slight difference in the pressure development. 
 
List of Abbreviations and Symbols  121 
 
List of Abbreviations and Symbols 
 
Abbreviations 
 
AR  Arc Room 
CFD  Computational Fluid Dynamics 
FRR  Further Relief Room 
FVM  Finite Volume Method 
GIS  Gas Insulated Switchgear 
IEC  International Electrotechnical Commission 
ISC  Improved Standard Calculation 
MV  Medium Voltage 
RR  Relief Room 
SC  Switch Compartment 
SF6  Sulphur Hexafluoride 
TR  Transformer Room 
 
 
Latin Symbols 
 
a  transverse pitch ratio 
A  area 
b  longitudinal pitch ratio 
c  sound velocity 
c1, 2  constants of the turbulence grid model 
cA  specific heat capacity of the absorber 
cG  specific heat capacity of the grid (absorber) 
cp  specific heat capacity at constant pressure 
cv  specific heat capacity at constant volume 
cp  molar heat capacity at constant pressure 
cv  molar heat capacity at constant volume 
C1, 2  model constants of the k-ε model 
Ce  mass flux across the surface of the cell 
Cequipment equipment factor 
Cf  constant of the crossed in-line tube bundle model 
Cv  heat capacity at constant volume, constant of the crossed staggered 
tube bundle model 
Cμ  model constant of the k-ε model 
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d  diameter 
dh  hydraulic diameter 
D  diffusivity 
fn, z, zn  correction factors of the tube bundle model 
FF  friction force 
G  Gibbs free energy, source term of the conservation equation of the 
turbulent kinetic energy caused by body forces 
h  specific enthalpy 
h0  total specific enthalpy 
h  molar enthalpy 
H  enthalpy 
I  effective (root mean square) current 
k  turbulent kinetic energy 
kp  thermal transfer coefficient or kp-factor 
l  length (thickness) of the crossed tube bundle 
L  characteristic length, length of the duct 
m  mass 
mG  grid (absorber) mass 
dm  transferred mass, mass change 
dmAR-RR transferred gas mass from the arc to the relief room 
dmRR-FRR transferred gas mass from the relief to the further relief room 
M  molar mass 
n  mole number 
n

  unit vector in the normal direction to the surface of the cell 
NA  number of absorber layers 
Nu  Nusselt number 
p  gas pressure 
Δp  pressure difference, pressure loss 
P  power, source term of the conservation equation of the turbulent ki-
netic energy caused by surface forces 
Pel electric arc energy 
Ptherm arc power heating up the gas and leading to pressure rise 
Pr  Prandtl number 
Q  heat energy 
Q
  heat transfer rate 
R  universal gas constant 
Re  Reynolds number 
S  entropy 
Sh  source term of the specific enthalpy 
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SM  momentum source term 
Sp  linearized source term dependent on the conserved variable 
Su  linearized source term independent on the conserved variable 
SξSF6  source term of the SF6 mass fraction 
Sφ  source term 
t  time 
T  temperature 
TIN  gas temperature in front of the absorber 
TOUT  gas temperature behind the absorber 
Tm  mean gas temperature 
ΔT  temperature difference 
ΔTlog  log mean temperature difference 
u  specific internal energy, velocity component in x-direction 
u
  molar internal energy 
U  internal energy, perimeter of the cross section 
v  gas flow velocity, velocity component in y-direction 
v

  velocity vector 
V  volume 
V  volume flow rate 
w  velocity component in z-direction 
W  energy, work 
Wel  electric arc energy 
Wchem  chemical reaction energy 
We,a  transferred energy to the anode 
We,c  transferred energy to the cathode 
Wmv  energy for electrode melting and evaporation 
Wtherm  energy heating up the gas and leading to pressure rise 
Wrad  radiation energy absorbed by walls 
Wkin  kinetic energy 
Wexp  expansion work 
x  mole fraction 
X  any gas property 
 
 
Greek Symbols 
 
α  discharge coefficient 
α*  heat transfer coefficient 
Γ  diffusion coefficient 
⋅ 
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ε  dissipation rate 
η  dynamic viscosity 
ηt  turbulent viscosity 
ηG  grid efficiency 
ηT  thermal efficiency 
κ  adiabatic coefficient 
λ  thermal conductivity 
λt  turbulent thermal conductivity 
μ  contraction coefficient 
φ  conserved variable 
ρ  gas density 
ξ  mass fraction, pressure loss coefficient 
ξh  pressure loss coefficient of the crossed tube bundle 
ξT  pressure loss coefficient of the tube bundle 
ξTG  pressure loss coefficient of the turbulence grid 
σk  Prandtl number of the turbulent kinetic energy 
σH  model constant of the k-ε model 
σε  Prandtl number of the dissipation rate 
τ  viscous stress tensor 
ϕ  velocity coefficient 
ψ  void ratio 
Ψ  discharge function 
 
 
Indices 
 
A  absorber 
AR  arc room 
before before the absorber 
behind behind the absorber 
e  in the opening, in the narrowest cross section, each surface area of the 
cell 
F  fluid 
FRR  further relief room  
G  grid or absorber 
lam  laminar flow 
RR  relief room 
SF6-air SF6-air mixture 
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turb  turbulent flow 
T  tube bundle 
TA  tube bundle array 
 
 
Arithmetic Operator 
 
∇  del operator 
⋅  multiplication, dot product 
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